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. l PREFACE

A preface to the entire Handbook of Supersonic Aerodynamics
appears in Volume 1 and includes a brief history of the project.

The material for the Handbook has been selected on the basis
of its anticipated usefulness to those who are concerned with the de--
sign and performance of supersonic vehicles. Therefore, the various
sections of the Handbook present relevant data along with results of
the more significant experiments and a resume of basic theory.

The Handbook is printed and distributed by the Bureau of
Naval Weapons, Department of the Navy, and is being published in sepa-
rate sections as material becomes available. The unpublished sections
of the Handbook are now being prepared by individual authors for the
Applied Physics Laboratory. The selection, editing, and technical re-

' view of Handbook material are functions of an editorial staff and a
technical reviewing committee at the Applied Physics Laboratory. A
list of the sections comprising the Handbook Series is presented on
the facing page.

Correspondence relating to the contents of the Handbook
should be directed to

Editor and Supervisor
Aerodynamics Handbook Project
Applied Physics Laboratory
The Johns Hopkins University
8621 Georgia Avenue
Silver Spring, Maryland

Communications concerning the distribution of the Handbook
should be directed to

Chief, Bureau of Naval Weapons
j. Department of the Navy

Washington 25, D. C.

Section 18, "Shock Tubes," was prepared under a contract with
G. N. Patterson, Director of the Institute of Aerophysics at the Univer-
sity of Toronto.

The interest of the Wind Tunnel Panel Committee of NATO-AGARD
in the presentation of this material in its present form has been in-
strumental in obtaining financial assistance from the Defence Research

Board of Canada.

Reviews of this section were Prepared for Wilbur C. Nelson,
Editor of the NATO-AGARD Wind Tunnel Panel, by Ira H. Abbott, Julius
Lukasiewicz, Ernest H1. Winkler, and Thomas D. Wilkerson and were made
available to the Aerodynamics Handbook Reviewing Committee at The Johns

i
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Hopkins University Applied Physics Laboratory. These reviews and a re-
view by Robert N. Schwartz are gratefully acknowledged.

The pagination of Section 18 departs from the decimal system
used in sections previously published. The pages are consecutively
numbered on the lower margin, and the subsectional identification of
text and figures has been retained on the upper margin.

As members of the Handbook staff, Anthony Strank shared with
me the work of editing the manuscript for Section 18, Bruce Holland
attended to many details in preparing the manuscript for publication,
and Mrs. Doris Rupertus typed the reproduction copy.

Stuart L. Penn
Editor and Supervisor

Aerodynamics Handbook Project
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SYMBOLS

a sound speed

A area

A Angstrom unit: 10 mm

B mass flow; light source brightness

Cp heat capacity per unit mass at constant pressure

C vheat capacity per unit mass at constant volume

C f skin friction coefficient: T/(1/2 pu2)

d length

D hydraulic diameter: perimetere mirror diameter

e internal energy per unit mass

E voltage; illumination; energy

f resultant body force per unit mass; focal length

g see Eq. (2), Subsec. 4.2.2.1

h heat cransfer coefficient, enthalpy per unit mass;
Plaick' s constant

I electric current

k heat conduction coefficient; Boltzmann's constant

K equilibrium constant: Knudsen number; Gladstone-Dale
constant

1Id heat of dissociation per unit mass

heat of ionization per unit mass

L length

m mass; molecular weight; magnification

M Mach number

M shock wave Mach number referred to sound speed of

stationary gas ahead of shock:
a 1

n index of refraction; number of diaphragms

xxxiii
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x
N dimensionless characteristic slope: a -f

4 4
p static pressure

PO stagnation pressure

p0  pitot pressure

P bursting pressure difference across diaphragm; also2
Riemann variable: 2 a + u

"PC
P: Prandtl number:

q rate of heat transfer/unit area

Riemann variable: 2 a-u

9.universal gas constant

R gas constant per unit molecular mass: electrical
resistance; radius of curvature m

S specific entropy; area; sensitivity

t time

T absolute temperature

To stagnation temperature

u velocity along x-axis 1

v relative velocity; specific volume: (-); volume of

driver section p

w shock wave velocity

x distance; degree of ionization

X dimensionless distance:

L

y distance

zd dis, ance

Z compressibility factor:
pRT

(Y temperature coelficient of resistivity; degree of
dissociation; angle

h

enthalpy parameter: h
p/ p

C
Y specific heat ratio: Pn

v
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* 2
y isentropic index: pa /p

boundary-layer thickness; film thickness, resistance

element thickness

77 efficiency of energy transfer

o angle; characteristic absolute temperature

characteristic temperature for dissociation: --
I.

characteristic temperature for ionization: R

hi'

o characteristic temperature for vibration: -_

X wavelength, mean free path

9 coefficient of viscosity; Mach angle

IV frequency

4 distance (fringe shift)

p mass density

a4t
dimensionless time: - ; wall shearing stress:

2 L
Cf p u 2

relaxation time

Subscripts

i denotes initial condition

1, 2, 3, etc. denote a quasi-steady uniform state of the basic

shock-tube flow shown below or of a particular
flow described in the text

t

(3) /

(2)

(4) u 4  0(1) u, = 0

= Diaphragm

(x,t) Diagram of Basic Shock-Tube Flow

xxxv
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Special Notation

Dimensionless ratios of velocities and thermodynamic variables are de-
noted below; subscripts i and j refer to quasi-steady uniform states
1, 2, 3, etc.

ajA ij - a• sound speed ratio

_ C i u - a i
C a. a speed ratio of Q-characteristic line

3 a

+. I ui+ai speed ratio of a P-characteristic lineii a. a.

E = ,pecific internal energy ratio3

Mi = - Mach number
Pia i

P Pi- static pressure ratio
ijp.

Poi

- stagnation pressure to reference static pressure
Poij PJ ratio

Qij (2 Pu2) Pi dynamic pressure to reference pressure ratioT -
T T static temperature ratioii T

T.
T -oi stagnation temperature to reference state tempera-oij T.

3 Tture ratio
u i

Uij a particle velocity to reference sound speed ratio

V
V = relative gas velocity to reference sound speed

a ratio (V W -U"ijl -i v l

- -- iratio of relative velocities
ij

xxxvi
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W = M shock Mach number

piui

Aij = Pi mass flow ratio

- •density ratio
Ij pj

_ i + 1

=i = -i perfect gas quantity
Yi-

4= f3 perfect gas quantity

D a =t + u a derivative along a line whose slope is dx u, or

in the direction of a particle path (substan-
tive 3r material derivative)

6+
= + + dx
-+ a (uta) - derivative along a line whose slope is u uI a,

or in the direction of a characteristic line

C, C represent contact regions travelling to the left

and right, respectively

R, S represent forward facing or P-type rarefaction
waves and shock waves, respectively, in which
the particles enter from right to left

R, S represent backward facing or Q-type rarefaction
waves and shock waves, respectively, in which
the particles enter from left to right

air/argon represents a diaphragm initially separating air
and argon in a shock tube

air helium represents a contact surface separating air and
helium in a shock tube

xxxvii
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Introduction 1.

SECTION 18: SHOCK TUBES

. Int roduct ion

A shock tube is a device for generating gas flows of very
short duration. In its simplest form it consists of a tube of constant
cross section in which a diaphragm initially separates two bodies of
gas at different pressures. Rapid removal of the diaphragm generates
a flow of short duration containing waves of finite amplitude separated
by quasi-steady regions. Initially, after diaphragm removal, a shock
wave travels into the low pressure gas while an expansion or rarefaction
wave travels into the high pressure gas. The quasi-steady flow regions
induced behind these waves are separated by a contact surface across
which pressure and velocity are equal, but density and temperature are
in general different. The shock heating of the low pressure gas and
the expansion cooling of the high pressure gas permit a very wide range
of flow temperatures to be achieved. One important application of the
shock tube has been to the study of gases under extreme temperature con-
ditions.

The shock tube was first used in France by Paul Vieille as
early as 1899 (Ref. 1). Vieille's tube was 22 mm in diameter and over
6 m long, with a chamber length of 271 mm. He used diaphragms of col-
lodion, paper, glass, and steel toil. The collodion diaphragms proved
most successful, since like cellophane they had very desirable rupturing
properties. Collodion diaphragms 0.29 and 0.11 mm thick burst when the
chamber pressures were 27 and 16 atmospheres, respectively, whiie the
paper diaphragms ruptured at an overpressure of I atmosphere. The rec-
ords appear to indicate that the velocity recording apparatus was rather
limit*ed. Nevertheless, Vieille came very close to obtaining the theo--
retical shock velocity of almost twice the speed of sound in air at a
diaphragm pressure ratio of 27. It might be noted that he was at that
time also concerned with shock wave attenuation and the effect of cham-
ber length on the shock strength.

No furth.r work appears to have been done in shock tubes until
Payman and Shepherd in 1940 (Ref. 2) made a detailed study of the flow
in the channel following the rupture of copper diaphragms. They suc-
cessfully used a wave-speed camera with a schlieren system that they had
developed more than a decade earlier while working on combustion studies
for the Explosives in Mines Research Committee of Britain.

Work in this field in America was initiated by Prof. W. Bleakney
and his associates at Princeton University around 1942. Their shock tube
was used initially for calibrating crystal pressure gauges (Refs. 3 and 4).
Later it was applied to problems in gas dynamics in the form of a study
of regular and Mach type reflections of shock waves from a solid surface
(Ref. 5). The potentialities of the shock tube for investigating many
problems in physics and fluid mechanics were soon recognized, and its
use in university and other laboratories became quite widespread in the
United States soon after the Second World War (see Refs. 6, 7, 8, 9, 10,
"and 11, for example).

A theoretical analysis applicable to the shock tube was first
"given by Kobes in Austria in 1910 (Ref. 12), when he investigated a pneu-
matic brake system used in railway cars. This work was referred to by
Schardin in Germany (Re%. 13) in connection with his own development of
the shock-tube theory relating to bursting diaphragms in a pipe. The

l1
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shock-tube equation, relating diaphragm pressure ratio and shock-wave
pressure ratio, was later developed independently by G. I. Taylor in
England (Ref. 2), A. H. Taub (Ref. 3) in the U. S. A., and by
G. N. Patterson (Ref. 14) in Canada. Some recent accounts of shock-
tube theory and experiment can be found in Refs. 15, 16, and 17.

Some of the research applications of the shock tube have been
as follows: Study of transitions through the shock front, Contact sur-
face and rarefaction wave; collision, overtaking, and refraction of
shock waves and rarefaction waves; shock wave diffraction; shock-loading
of structures; relaxation effects and imperfect gas effects; chemical
kinetics; combustion and flame propagation; condensation effects; sound-
speed measurements; unsteady boundary layers induced by shock and expan-
sion waves, dissociation, ionization, electrical conductivity, radiation,
heat transfer, spectra, and other physical effects produced in gases at
extremely high temperatures; magnetogasdynamics; and use as an aerody-
namic test facility in the subsonic, transonic, and supersonic flow
regions, as well as a means of driving hypersonic shock tunnels. This
wide utilization of the shock tube has resulted in a large research out-
put, and a sizeable literature on shock tube studies has now accumulated.

1.1 General Scope of Contents

This section of the Handbook of Supersonic Aerodynamics pre-
sents a comprehensive account of shock tube theory and application.
Subsections 1 through 3, by I. I. Glass, treat the detailed theory and
performance of idealized cold-driven constant-area shock tubes (simple
shock tubcs), including a discussion uf real-gas effects (Subset. 2),
and a comparison with theory of experimentally observed flows in shock
tubes with a discussion of viscous and heat transfer effects (Subsec. 3).
Subsections 4 through 7, by J. G. Hall, treat the production of strong
shock waves by various modifications to the simple shock tube (such as
driver-gas heating and area reduction from driver to driven sections)
and comparison of the relative effectiveness of such modifications
(Subsec. 4); applications of the shock tube as an aerodynamic facility,
including the hypersonic shock tunnel, and applications to aerophysics,
chemical kinetics, and combustion research (Subsec. 5); shock-tube
materials, design, and construction (Subsec. 6); and finally, shock-tube
instrumentation (Subsec. 7).4

*1•
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Performance of Simple Constant-Area Shock Tubes 22

2. Performance of Simple Constant-Area Shock Tubes

2.1 One-Dimensional Rarefaction and Compression Waves

A disturbance or pressure wave of finite amplitude in a one-
dimensional nonstationary flow may be considered as being composed of
an infinite number of infinitesimal disturbance fronts or pulses. A

basic property of the pressure wave is that each small pulse (Mach wave
or characteristic line) travels at the local sound speed with respect to
the gas at the point tinder consideration (Ref. 1). It will be shown
that each sound wave changes p, p, and u, so that Ap = (p a) (A u) a a2 p.
The ab-ve concept is illustrated in Fig. 2.1-1. Consider a piston held
by a peg in the duct as shown. At t = 0 the peg is released and the pis-
ton moves to the right as shown on the (x, t)-plane. Approximate the
piston path by small reversible steps 0-1-2-3. At point 0, acoustic
pulses of identical speed are transmitted into ragions A and B, and at
different speeds for points 1, 2, and 3. The gas to the right is being
compressed and heated by the piston, whereas to the left the gas is ex-
panded and cooled. Consequently the acoustic pulses in the compression
wave (CW) separating states a-b, b-c, and c-D are travelling with pro-
gressively increasing sonic speeds, while those in the rarefaction wave
(R) between e-f, f-g, and g-C travel with a diminishing speed. Therefore,
rarefaction waves are disturbances which spread and become less steep
with time. Through the wave, the thermodynamic properties decrease along
a particle path, while the flow velocity increases. Whereas through a
compression wave, both the thermodynamic and dynamic properties increase
along a particle path, so that this disturbance steepens and finally
forms into a shock wave. These waves are really transition fronts which
are non-linear and aperiodic.

In nonstationary flows such rarefaction and compression waves

may be generated and modified at pressure and internal energy discon-
tinuities, at area changes, through skin friction and heat transfer, and
by mass removal or addition. The flows may be analysed by applying the
appropriate equations of motion and thermodynamic relations.

For duct flows, such as in the shock tube, the analysis is
greatly simplified by the assumption of one-dimensional flow whereby
the flow properties are assumed to be uniform over any cross section
and to vary only with distance along the duct axis and, in general, with
time. Departures from this idealization are caused by friction at the
duct walls, duct cross-section area change, and significant curvature of
the duct axis. Figure 2.1-2(a) shows idealized one-dimensional flow
through a straight constant-area duct. Such a flow is fictitious, for
in a real gas viscosity causes a boundary layer to grow at the wall
which changes the velocity profile to the one shown in Fig. 2.1-2(b).
In this case, due to the condition of no slip (gas adjacent to the wall

adheres to it), the velocity is zero at the wall and increases to the
free stream value uI at a distance 6 from the wall. In this thin bound-

ary layer of thickness 6, ti- flow is viscous and diabatic, whereas out-
side of it the flow is frictionless. When the boundary layer growth is
very large the entire flow becomes viscous and diabatic, i.e., becomes
a fully developed pipe flow. Here the velocity distribution varies con-
tinuously from zero at the wall to a maximum at the pipe centre. Even
in large ducts with relatively thin boundary layers it is quite diffi-
cult to achieve truly uniform flow quantities at any cross section.
Consequently, one-dimensional representation of real flows requires the
use of average flow quantities at each cross section. Even in steady
flow no unique definition of an average Mach number of flow velocity

5!
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exists which will satisfy all of the relations connecting the flow
quantities (Rcf. 2). In the prescnt note it will be assumed that the
dynamic and thermodynamic quantities (u, p, p, etc.) are averaged over
a cross-section A. While the method of averaging is not prescribed,
the mean quantities are functions of distance x (along the duct axis)
and time t only.

When the cross-section area varies, the velocity must change
in magnitude and direction even with inviscid flow. If the area change

dx

is sufficiently gradual so that •- (ln A) is small compared to unity,
the transverse velocity components (v and w) are small (see Fig. 2.1-2)by comparison with the axial component (u), and the flow may be treated

as one-dimensional whether inviscid (c) or viscous (d). The relation
of an actually measured flow velocity or other physical quantity to the
corresponding average quantity must be carefully considered in each
particular experiment in order to avoid misleading comparisons (Ref. 2).
However, it should be noted that small stream-tubes in a flow can always
be treated on a one-dimensional basis.

The assumption of one-dimensional flow is made in deriving
the differential equations governing fluid motion which follow in
Subsec. 2.1.1. For straight duct flows such as in the shock tube, the
one-dimensional representation will involve only small errors in the
change of average flow quantities along the duct axis provided (Ref. 8):

1. The fractional rate of change of cross-section area with respect
to distance along the duct axis is small, i.e.,

d- In A = idA << 1dx A dx

2. The velocity and temperature profile shapes remain approximately
unchanged from section to section along the duct axis.

2.1.1 Fundamental Equations

The fundamental equations which govern a nonstationary one-
dimensional flow can be found in general texts such as Liepmann and
Roshko (Ref. 3).

1. Continuity Equation

This equation expresses the principle that mass is conserved:

Sa_ + _6 uA). (1)
at _ _x

2. Momentum Change

This equation expresses Newton's Second Law which states that
the resultant force on a particle equals the time rate of chiange of the
momentum of the particle:

Du au + u _f
HT - J_ ax
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All body and viscous forces are assumed as represented by a resultant
body force denoted by f. The properties of f must be given in a par-
ticular case. For example, if only the wall friction forces are impor-
tant, f = -fs)

where 2

f= perimeter x I xtVw -2u C f
s p x area x I D

3. Energy Equation

Neglecting gravitational forces, the total energy, E, per
unit mass is the sum of the internal and kinetic energy per unit mass,

12
or (assuming an ideal gas with constant specific heats) E = Cv T + u

The rate of heat transfer per unit mass per unit I e is given by q.
The heat transfer may be through the walls or as a result of heat addi-
tion due to combustion or chemical reactions.

Therefore,

+ [p AE dx] = p u AE+ p Au] dx + qp A dx

or,

Sqp A dx [p A dx(C T + u2)] + u UA(Cv T +p+u2) dx

(3)

Substituting in Eq. (3) the applicable continuity and momentum equa-
tions (f =-f

ia (A) +rjý(pu A) 0

5t a x p ax s-

then,

q + u f5  bl. (CvT) + (Au) (4)

The above states that the sum of the rate of heat transferred by exter-
nal sources and internally by the power of the friction force times the
average velocity is equal to the total time rate of cha',ge of internal
energy along a particle path plus the power generated by the pressure
forces.

4. Equation of State

A thermal equation of state of the form p = p (v, T) connects1
the three thermodynamic variables p, T, and v = -. Cases in thermal

7
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equilibrium at low pressure or density and at temperatures sufficiently
below the onset of dissociation or ionization approximately obey the so-
called perfect equation of state:*

pv = qTT = RT or P = RT per unit mass (5)M pem p

In general, the caloric equation of state of a gas expresses
the specific internal energy of a gas e as a function of specific
volume v and temperature T, i.e., e = e (v, T). The specific heats of
a gas at constant volume (Cv) and constant pressure (C p) are given, in
general, by

C O-T v P p

where h = e + pv = specific enthalpy. For a thermally perfect gas, e is
independent of v and depends only on T. Thus, for a thermally perfect
gas, C and C are functions of T only and can be shown to be related by

v p

I -C R (6)
p -v m

A gas for which C and C are constants, independent of both volume and
V p

temperature, is termed calorically perfect.

A relation of the form p = p(S, p) is sometimes called an en-
p0

tropic equation of state, for example p = Ap, where A = exp(S - So)Cy,

and the subscript "o" refers to some unknown reference state.

5. Velocity of Sound

The speed of sound (propagation of a small pulse) in gas
causes the particles to undergo slow changes. Velocity and temperature
gradients are negligibly small, and even though coefficients of vis-
cosity and heat conduction exist, no entropy change is produced (except 2.du.2
in the region of ultrasonic sound absorption) as their products, A dud dT
and (k- ), required for entropy production are essentially zero (see

Ref. 3, for example). For an imperfect gas, the sound speed a becomes
quite a complex quantity to evaluate (Ref. 6) and will be considered in
Supplement B. However, for a thermally perfect gas, it reduces to the
following simple form:

a 2  
= 7RT (7)

*Equation (5) is for thermally perfect gases. The equation of state for
thermally imperfect gases is discussed in Supplement A.
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For a thermally perfect gas, the entropy change of a fluid element may
be expressed from thermodynamic considerations as

dS = C - R (a)

For a thermally and calorically perfect gas (C C constants), the
p2 v

speed of sound and the entropy may be used as the independent variables
to give two alternate forms of the equation of state as follows:

p = ( a)•2V/(Y-1) e_(SSl)/RPi a• I" (8b)

2 /(y-1) (s)3- R (8c)

ýPl

2.1.2 Characteristics in the (xt)-Plane

The equations of continuity and momentum, Eqs. (1) and (2) in
Subsec. 2.1.1, may be expressed, with the aid of Eq. (8), in the follow-
ing form:

In + ,ln-p au 1in A 81n Aa t a x ax - x at

ou + u a2 Oln + (2)p
a t 5X a x

From Eq. (8) in Subsec. 2.1.1

dlpd a dS .2Žzda dsd In p 2Y d in a -q -- y = _1a RS (3a)

Y- R Y -l I w aa R

dS _ 2 da dS
d In p 2 d In a /-1a R(3b)

Substituting the above relations in Eqs. (1) and (2) yields the follow-
ing results (see Ref. 7):

2 aa 2 ou au Iln A yIn A a DS
u+ -u- Zau a -+ (4)

y-1t y-- i x + x o x - t R (4

u + U au 2 a a 2 S (5)
at ---+-i a x yR ax

9
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Adding to, and subtracting Eq. (5) from Eq. (4) gives

_ (_ 1 a + + u + a) a + u

ain A amA a (DS aAS)-au a + a- + f (6)

Special curves, known as characteristics, exist in the (x, t)-plane
along which the fluid properties are continuous, but derivatives of
fluid properties can be discontinuous. The characteristic curves have
slopes given by

dx + a (7)

The left hand side of Eq. (6) therefore represents the derivative of
2the parameter - a + u) in the direction of the characteristic

curves. Characteristics can also be defined as curves with slopes
given by Eq. (7), along which changes in the flow parameter

2
a a + u) are governed by Eq. (6). As a consequence, it is pos-

sible for a large disturbance to be propagated by means of the charac-
teristic curves in a nonstationary flow. It should be noted that a

dx u hrfr
particle path has a characteristic slope given by - = u. Therefore

Dt t + u - represents the derivative along a third characteristic

line, whereas

5+_b+ (u + a) anc - + (u - a)0
6 atbt at=• ax

represent derivatives along the characteristics with slopes (u + a).
6 S

Applying these differential operators, the terms in ý- may be eliminated
from Eq. (5), since

6 + D +_ D
a- 67 - FT - B- +- (8)

The Riemann variables P and Q are defined as

P 2 a+u Q 27 _Ta-u

i 10
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Using the above one can rearrange Eq. (6) as follows:

6+P a In A a in A a 6+S a DS (
at a x -- R 6t ' ( - 1) a" + f (9) ,-+y_

au _ln A a aIn A + a - a DS
x t yR 6t + (a- 1) 5-t f (10)

Similar results can be obtained in a more formal manner (Ref. 8) by
using the energy equation(Eq. (4), Subsec. 2.1.1).

Assuming that A can be given as a function of x a.nd t, then
the third equation for the three dependent variables a, u, and S is
provided by an entropy equation of the general form

DS F(a,u,S,x,t) (1I)

If the force f is due to wall friction only, i.e., f = -f., then from
the energy equation it may be shown that

DS =~q + uf
DS T (see also Eq. (3a), Subsec. 2.2.1)

Problems illust'ating the use of Eq. (11) may be found in Refs. 7 and 9.
Relations (9), t0), and (11) are a set of non-linear partial differen-
tial equations which theoretically provide the means of solving non-
stationary flow problems. They may be regarded as forms of the wave
equation since they indicate how the quantities P, Q, and S vary along
characteristic curves whose slopes in the (x, t)-p~ane are given by

dx
- u + a for P-waves

d - u - a for Q-waves

(12)

dx u for S (particle paths)
dt

Consequently, curves of - 1'-pes (u + a) and (u - a) are known as P-waves
and Q-waves, respective while those of slope u are the paths of fluid
elements or particle p..iLs. Equations (9), (10), and (11) are not solv-
able except in the most simplified cases, and, in general, one must re-
sort to numerical or graphical finite difference methods (Refs. 7 and 8).

11 0_
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In the special case of isentropic (homentropic) flows in ducts
of constant area without heat transfer or friction forces, Eqs. (9), (10),
(11), and (12) reduce to the following simple forms:

P = constant

Q = constant

S = constant
Sdx (13)

dt = u + a for P-waves

dt
dt- u - a for Q-waves

The flow problem thus reduces to one with two dependent variables, i.e.,
(u,a) only.

It is of interest to note from Eq. (13) that the rate of ad-
"vance of the P- and Q-waves is given by (u + a) and (u - a), respec-
tively. However, when this rate is referred to the local flow velocity,
it is given by (+a) and (-a). Thus the P- and Q-pulses propagate at the
local sound speed relative to the gas and justifiably may be defined as
sound waves from a gas-dynamical consideration of infinitesimally weak
pulses.*

2.1.3 Rarefaction and Compression Waves in Perfect Gases

The conditions presented in Eq. (13), Subsec. 2.1.2, define

the P-wave and Q-wave for an isentropic flow through a duct of constant
cross section. If the flow is steady, the P- and Q-waves may be thought
to form two families of parallel lines as shown in Fig. 2.1-9. If a
local flow disturbance occurs, its effects can be felt at other points
only after the arrival of the P- and Q-pulses from the origin of the
disturbance. The P- and Q-waves or the characteristic curves therefore
may be considered as signals which transmit information about infini-
tesimal local flow disturbances to other parts of the duct. Finite am-4 plitude pressure fronts are composed of an entire family of P- or Q-pulses
which do not remain parallel, but converge or diverge, depending on the
type of disturbance. This point is illustrated in Fig. 2.1-10, which
shows a disturbance front composed of a family of diverging P-waves moving
to the right. It is seen that to the right (1) and to the left (4) of
the disturbance front the flow is quasi-steady and the P-pulses are par-
allel, although their values in states (1) and (2) are different. (A
finite amplitude disturbance front which separates two uniform flow re-
gions is also called a simple wave.) Although the value of P(P 1 to P 4 )

throughout the disturbance decreases monotonically, the value of Q re-
mains a constant, since no disturbance was generated at the right side
of the duct. The slope of a Q-pulse changes as it moves through the

*A discussion of "Gas Imperfections at Low Pressures and High Tempera-
tures" is presented in Supplement B. This discussion considers caloric
and thermal imperfections resulting from high temperature effects only.
A treatment of "Relaxation Effects in Gases" is presented in Supplement C.
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P-disturbance, owing to the change in u and a, but in the uniform
states (1) and (2) the slope remains constant. The Q-waves also re-
main parallel owing to identical changes in u and a throughout the flow
field. Hence, for the particular case of isentropic flow in a duct of2a +u

constant cross section shown in Fig. 2.1-10, the value of P - + u

is a constant along each Mach wave and Q = 2 - u is constant across

the entire disturbance front. Therefore, on a given P-wave,

u = - (a constant) (

a (P p+ Q)4(Y 1)- I (a constant) (2)

and the P-waves are straight lines because

.qx =_ P ( _Y + 1 ) - Q (3 .- 7 )(3 )
dt u - 4 ()

is also a constant. However, the Q-waves cross P-waves for Ahich the

dx a ilcag
value of P varies from wave to wave; therefore q = (u -a) will change

at every P-wave. Consequently, the Q-waves become curved whenever the
value of P changes. Analogous results are obtained by considering a
disturbance front from the right composed of Q-waves.

P-waves and Q-waves in turn are subdivided into compression
and rarefaction (or expansion) waves, depending on whether or not they
increase or decrease the pressure of the gas into which they advance.
The above may be illustrated by referring to Fig. 2.1-10. If the dis-
turbance is an expansion wave moving to the right, then the pressure,
density, and temperature fall from P1 to P4. Consequently
(e.g., for P2),

a2 < a (4)

However, since the P-waves are crossed by Q-waves of constant value, as
no disturbance is propagated from the right side of the duct, the follow-
ing also applies:

Q 2  - 2 a -u- 1 2 - u2 (5)

From Eqs. (4) and (5) it follows that

u2 <uI , (uI = 0)

u2 + a2 < uI + a1  (6)

P 2 < P1

13
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Since an increasing inclination of a wave towards the x-axis represents
an increasing wave velocity, it is seen that each P-wave propagates at
a slower velocity than the preceding one. Therefore the P-waves in a
rarefaction front diverge. As indicated by Eq. (6), although the abso-
lute value of u2 increases, u becomes monotonically more negative

throughout the rarefaction front. Conversely, for a compression front
(see Fig. 2.1-11) the P-waves converge and

u2 > u , (u = 0)

u2 + a2 > u, + a1

P 2 > Pl

The converging P-pulses brought about by an increased tempera-
ture, owing to isentropic compression and increased particle velocity in
the direction of the wave propagation, soon overtake and coalesce to form
a shock front. Where the P-waves meet, the values of the flow quantities
are no longer unique; they undergo discontinuous changes and the flow
ceases to be isentropic.

This difficulty is not generally encountered with a rarefac-
tion wave since the characteristic lines diverge and the flow remains
isentropic. However, it may be seen from Fig. 2.1-10 that if the P-waves
were extended back in the (x, t)-plane, they too would intersect. If
the Mach waves meet at a point, the wave is called a centred rarefaction
wave. Such a wave has a discontinuity at the focal point. However, it
is assumed that it is smoothed out very quickly (Ref. 1). This type of

wave is difficult to generate in practice, as it implies an instantane-
ous drop in pressure at some point. Usually, the rarefaction wave is
of the non-cuntred type.

It is of interest to note that the diverging or converging
properties of P- or Q-waves are maintained regardless of the wave which
may cross their path. ThiS s illustrated in Fig. 2.1-12, which shows
the collision of P- and Q-wave fronts. Initially, P2 > P1 and
(u 4 + a 4 ) > (u1 + a1 ) for the P-wave front.

Pl(+y + 1) - Q2 (3 - (8)
u3 + a 3 -4

(8)
P 2 (y + 1) -2(3 - 7)

U2  a 2  4

Therefore, u2 + a 2 > u 3 + a 3 , and the compression characteristics re-

main converging. Similarly, the expansion characteristics remain di-
verging.

A physical insight into the properties of compression and
rarefaction waves may be obtained by considering the motion of a piston
in an infinite cylinder (Fig. 2.1-13). A piston of a given mass and
area moves under the influence of certain forces such that it accele-
rates from rest to a uniform velocity u2 . It is seen that during the

14
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period when the piston accelerates it gives rise to P-characteristic

lines which overtake and steepen to form a shock wave. Simultaneously,

the piston generates a Q-rarefaction wave which moves into state (4).

Here the characteristic lines fan out with time. The gas adjacent to

the piston in states (4) and (1) follows the piston, whose velocity is

communicated along the characteristic lines to the particle paths. The

piston path generates a Q-rarefaction and a P-compression wave, where

the particle velocity is positive in each case. However, the particles

move in a direction opposite to the rarefaction wave head, but follow

the compression wave head. This feature distinguishes a compression

wave from a rarefaction wave.

Since the gases in states (1) and (4) are initially at rest,

one may write for the P-compression wave:

characteristic slope

dt

along each characteristic
2a (10)

across the entire P-compression wave

2a 2a (a)_ )1 T - u Ila)-• T

or

u1 + Y (11b)
a11

Combining Eqs. (9) and (11b),

2 Yl dx
/ + 1 dt) (12)

-2 al+ 2 (d)(13)Y1 q

Similarly, for the Q-rarefaction wave:

characteristic slope

dx -u-a (14)

dt

along each characteristic
2a (15)_ 4-T -u (5

4H

15
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across the entire wave

2a 2a 4p= + U 7 - (16a)

a 74 1
.. a 1 (16b)a4 • 4

2 a 4 - 1 ) (17)a T-j NT T4 + I (1

u 2a4 + 24
2 + 1_(_ (18)

Equations (9) to (18) are of particular importance since they make it
possible to determine u and a from the slope of a characteristic line.
If the piston path is established in the form of x = f(t) or u = f'(t),
then from the initial conditions and Eqs. (11a) and (16a) the sound
speed is determined at every point along the piston path, the charac-
teristic lines can be drawn, and the entire flow pattern as shown in
Fig. 2.1-13 is determined. Each characteristic line would have a
straight line equation

x = mt + b (19)

where m depends on u, and a and b is the intercept on the x-axis. The
heads of the expansion and compression waves go through the origin, and
their equations, regardless of the piston path, are given by x = -a 4 t

and x = a 1t, respectively. In addition, one may obtain the thermody-

namic properties of the homentropic flow from p = p RT, p = 4 and2 2T
a = so that for the compression wave and the rarefaction wave,

Yn-I Yn-I
11 /2-

-a- QjPj='_p) (20)
an (Tn)" = Pn

n 1 or n 4

It may be emphasized that the piston path fixes the starting
point the position, and the slope of the characteristic lines in the
(x, t)-plane. Without the piston path, the compression or rarefaction
wave cannot be drawn. The piston path generally may be of a form which
gives a non-centred expansion or compression wave, However, there is
a particular piston path which can result in a centred type rarefaction
wave (i.e., if the characteristics were projected back they would meet
at a point which is not at tne origin of the (x, t)-plane). This type
oi piston path is given by the equation of the particle path for a
centred rarefaction wave (see Subsec. 2.1.4). It will be noted from

16
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Fig. 2.1-13 that in the case of the non-centred compression wave the

shock is initiated as soon as two Mach lines overtake. The shock front
continues to grow as additional Mach lines catch up until it achieves

its full strength. The entropy change increases simultaneously and

this gives rise to an entropy layer separating states (2) and (2)1. It
will be shown (Subsec. 2.4.7) that when two shock waves overtake, only

a reflected rarefaction wave is possible in a real gas. In the limit

the coalescing compression pulses will therefore reflect expansion
pulses. This expansion fan will increase the particle velocity and re-

duce the pressure such that these quantities are identical with those

produced by the shock. Subsequently, the reflected rarefaction pulses

will interact with this layer and will give rise to a complex pattern
of weak reflected and transmitted P- and Q-pulses as indicated schemati-

cally in Fig. 2.1-13. (The wave system outlined above is closely re-
produced in a shock tube, as shown on Plate 1.1-1. Even some entropy

lines, from overtaking and coales.ing shock waves, appear near the

origin and they are quickly absorbed by the thick and spreading con-
tact front from the diaphragm.)

In the case where the piston path generates a centred comnpres-

sion wave and a focused shock wave, the entropy layer reduces to a con-

tact surface, and a reflected centred rarefaction wave propagates into

region (2) (Fig. 2.1-15d).

2.1.4 Centred Waves in Perfect Gases

Of particular interest for the study of shock tube flows is

the rarefaction wave which is centred at the origin of the (x, t)-plane

(ee Fi. 2.1-14). A _:omparison of Fig. 2.1-13 and Fig. 2.1-14 shows
that the initial portion of the piston curve has degenerated to a single

point; that is, the piston is instantly accelerated to a uniform velocity.

Under this condition a plane shock wave is propagated into state (1) and

the compression wave disappears. The advantage of this type of simpli-

fication is that for a given uniform piston speed all wave elements
start from the origin and their positions in the (x, t)-plane are fixed.

For an accelerating piston which is producing a non-centred wave, this
is not the case, and the position and extent of the wave systcbi differs

for each piston curve.

For a rarefaction front centred at the origin the Q-waves or

characteristics are straight lines whose equation may be expressed in

terms of one parameter as - = (u - a). This mathematical simplifica-
x +u - S) onst

tion is not possible for a non-centred wave where (u - a) t

Hence, for a centred Q-rarefaction wave:

t-u - a

(a)a

(b) Q 2 - u (along a characteristic line)

2a 2a 4

(C) P - 4 a4  ( across the entire wave)

S4-II

( d ) I Y4 u---
a4 

14
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2 Y4 1 te a a (X)
'Y4 + 14 Y4 + I

(f) 2 a 4  (1)MY4 + 1 4

From
p pRT p=Ap and a 2

=p
P

4 -1  Y 4 -1 (2)

a 4 T44/ = 7T (TP4.P4V4

It ull be noted that Eqs. (1) and (2) would be identical
with Eqs. (14) to (18) and (20) of Subsec. 2.1.3 except that for the
centred wave the position of the characteristic lines are known from

the initial and final gas states x = (u - a) t, whereas for a non-
centred wave the piston curve must also be given (x = (u - a) t + con-
stant) before the Mach lines can be positioned in the (x, t)-plane.
The above is the only essential difference between the two types of
waves. Parts (e) and (f) of the above equations show that the slope
of the characteristic determines u and a. For example, a centred or
non-centred wave having the same characteristic slope at the tail of the
wave will also have identical dynamic and thermodynamic properties, al-
though the position of the tail of the wave in the (x, t)-plane will be
different. To verify whether or not a wave is centred, when the piston

path is not known, it is essential to extend at least three character-
istic lines to determine if they meet at the same focal point.

If a centred rarefaction wave of the type shown in Fig. 2.1-14
is generated, then all the characteristics converge at the origin or

focal point where the dynamic and thermodynamic quantities (u, p, p, and
T) as functions of (x, t) are discontinuous. It is assumed that these

discontinuities are rapidly smoothed out in the subsequent motion. This
is an example of an initial discontinuity which immediately undergoes a
transition to continuous flow (Ref. 1).

A theoretical limiting case of the centred rarefaction wave
occurs when the temperature behind the wave becomes zero and the par-
ticle velocity attains its maximum possible value, the so-called escape

speed 4. A vacuum would exist behind such a wave which is known as a
complete centred rarefaction wave. Since for a Q-wave

2 a+ 2a 4
y4 - I u=• - I

applies, the value of ' is given by

A 2a 4U 1 - 8 (3)

18
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when a = 0, At the tail of such a wave, the characteristic slopes and
aT A A

the particle paths are given by QT = (u - aT (u+a)T = u,
and u = u., Hence for a complete centred rarefaction the tail of the

T
wave, the piston path, and the Q- and P-characteristics at the tail are
all coincident, i.e., x/a 4 t = N = 2/(Y4 - 1). As a perfect vacuum is

impossible to achieve physically, a complete centred rarefaction wave
is only of hypothetical interest.

If a centred or noncentred rarefaction wave is generated by
a piston which is instantly started from rest or attains a velocity
greater than the escape speed, then "cavitation" exists between the
tail of the wave and the piston. The particles cannot follow the pis-
ton and a hypothetical vacuum exists.

The equation of the particle path for a centred Q-rarefaction
wave may ba' determined from Eq. (If):

dx 2 x + 2

From Fig. 2.1-15 (a) it is seen that

x X - X0_ _ 0

0 ( xdt 24 ÷+ Y4 + 1 a4 (4)

Equation (4) is an ordinary linear differential equation which has the
solution,

( Y4+1)

t= - Y4 (tp- t ) + t (5)
[T4+ 1 (I I] N o

When N = -1 (head of wave), t = tp . For a gas with, for example,

Y4 = 1.4, when N---5 (tail of complete centred wave), t -== . The
last result indicates that the particle path in the limit approaches
the slope of the tail characteristic of a complete wave after an infi-

nitely long time. Alternatively, the escape speed t is attained after
an infinitely long time in a ,ceni.red type of rarefaction wave.

A piston moving in accordance with Eq. (5) will generate a
rarefaction wave which is focused ot the point 0 of the (-, t)-plane.
The farther away point P (the real origin of the physical (x', t')-plane)
is from 0, the more gentle wi I be the transition through the rarefac-
tion wave.

19
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It is of interest to determine the acceleration produced on
a particle path of a Q-centred rarefactiou wave:

2 2a 4
4 =Y4 1 +Y4 + 1

or ___I

U 2 (N 1) a 4u y )4 +------

du _ 2a 4
dN 74 + 1

u du )N N du
at dN at t dN

-;u du 8 N N duý-x dN Fx- x -BN

The fluid acceleration

b-du 3u au •

or

b 2a(4 2 (N + +1) - N] (6)

2a4

At the head of the wave N = -1, and b (2 4  , that is, b varies

inversely as t. At the tail of the complete centred wave N 5, and
b = 0 regardless of t. Thus the acceleration is a maximum at the head 4
of the wave and decreases across the wave to zero for a complete wave.
It is worth noting that at t = I psec, the acceleration for air is of

the order of 0.92 x 109 ft/sec2 (2.8 x 107 g) at the head of the wave.

Similarly, the equation for a P-characteristic crossing a
Q-rarefaction wave (Fig. 2.1-14) may be obtained as follows:

dx
- U + a

or from Eq. (1c) and (If)

dx 4a4 (x -x 3 Y4 1 1
dt 74 + 1 +t-: ot Y4 +1
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o.11

24 2(y 4 -l)

(x - o) 2a 4  (t t -.4 +- 1

which gives

Y/+1

2_ =(1 -Y4 N (tp -t to + to 8
t [7 4 + P - 0 0

When N -1, t = t, as N---5, t--*--o, and the previous remark re-

garding the particle path applies here as well. A comparison of
Eqs. (5) and (8) shows that they differ as the square root of the power.
Consequently the P-characteristic will approach the tail of a complete
wave faster (dx/dt = u + a) than the particle path (dx/dt = u).

Typical particle paths and characteristic lines are shown on
Fig. 2.1-14. It is of interest to point out that a P-characteristic
originating in state (4) penetrates the rarefaction wave as well as
state (3) and state (2), and therefore will influence all of these
regions. On the other hand, a Q-wave originating in state (1) pene-
trates states (2) and (3), but cannot enter the rarefaction wave be-
cause it becomes parallel to the tail of the wave (Q 3 ) and cannot

overtake it. Thus the rarefaction wave is isolated from any downstream
influence.

The previous discussion on rarefaction waves applies to com-
pression waves. However, in this case the characteristic lines or
pulses soon overtake as shown in Fig. 2.1-15. The characteristic slope

is given by dx =(u + a) for the P-compression wave. The particle ve-
locity u increases with time and the temperature or sound speed rises
behind each pulse. Consequently, A- = (u + a) increases and the Mach

waves converge to form a shock wave. At the points of intersection of
these pulses, the values of u and a are no longer unique. This is re-
solved by the generation of a shock wave which has a change in entropy
across it, so that the original isentropic equations are invalidated.
The shock wave may be generated at the head or within the compression
wave (see Ref. 1), and depends on the piston acceleration.

Consider the motion of a piston which starts from rest with
a constant acceleration b as shown on Fig. 2.1-15 (c). Along and
across the Pl-pulse,

x a at

u - 2a 1 2aI
Y1- 71 1

21
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or

dx 1 + 1

-- u + a - - u + a

For the P2 -pulse, x = x0 + (u + a)

or 
X = I b 

l + I bor~ bE ~~i +--- te)(t - )(9)

The time parameter f depends on the piston position. Solving for x,
and tI from the P and P2 characteristics:

t 2 Fa + Yc1Tl = 1a + I) b

a(10)
x1  a t1  a [.2 j

(~y1 +_T)_ b ~ a

This gives the birth point of the shock (x1, tl) for a piston of con-
stant acceleration b, where

u -- be

a=-yI+ bI +

Y1 + 1
u -= Ix +a 1

In order to get the envelope, Eq. (9) may be considered as a one param-
eter family of curves for f ! 0, and the required conditions are that

G(x, t, c) =0 and 0- =0. Thus

orbt = l
2  

+ aa

or

a2 aI+ 2y,t =Yl +--- - " 1 + -- •

and from Eq. (9),

S: 2 1 +e + aI
T bl +

22



Performance of Simple Constant-Area Shock Tubes 2.1.4

Eliminating e yields

(yl + 1)2 t 1 + 1 a 2

x- 8•1 bt 2 + • 1 + vj(11

Thus the shock wave starts at (x,, tl) and grows from that point until

it has achieved its full strength.

The case of a centred compression wave that gives rise to a

focussed shock wave is shown in Fig. 2.1-15 (d). In this idealized
case, all the Mach lines converge at the focal point F (xF, tF), wheA~e

the shock wave forms and attains its full strength instantly.

If the condition that the particle velocity and the pressure

must be constant across the contact surface is to be met (P 2 = P3;

u2 u.), then a centred rarefaction wave must be reflected as shown.

The reason for this can be explained from wave interaction considera-
tions, as noted above, or from the following. For the same pressure

ratio across a compression wave and shock wave, the compression wave

generates a lower temperature (or higher density), sound speed, and
particle velocity than the shock front, If the boundary conditions
at the shock wave are to be satisfied, then the compression wave must

be of higher strength in order that the reflected rarefaction wave can
reduce its pressure and increase the particle velocity to give P 2 = P 3
and u 2 = u 3 .

The piston path which yields a focussed compression wave may

be found from the following considerations (Fig. 2.1-15 (d)).

Let the piston path be given by x = f(t), and the focal point

by (xF? tF). The slope of any Mach wave emanating from the piston is

given by

x - xF

t - F + a

For a Q-pulse across the P-compression wave,

2a _ 2alI

Combining the above,

a 'a1  1 G- - _ F

u = d-t • + I Y J +

That is, the same results apply for a P-compression wave as for a
P-rarefaction wave, except that (u) is positive for the former and
negative for the latter.
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Integrating the equation for u yields

XXF 2a 1
x - xF 2I- (t tF) + A(t tF)

On the first P-pulse

x - xF
to -t F

and

A + Fa 7t o- tF}

or

2a YJ+ 1 1 -1

(x - xF) 1 (t tF 0 tF - 1

Since the characteristic slope

x - x

N - alt - tF)

then an alternate form of the piston path is

t 2-+ + '1- N)] I (-1+ -- N (to - tF) + tF (13)

When N 1, = to, and when N-.eoo, t--==*-tF . The above relations give

the piston path x as a function of the focal point t and t, or t as a
function of N and the focal point tF F

In this case as well, the farther away F is from 0, the more
gentle will be the compression wave transition profiles. Compression
waves are chiefly of academic interest, since in practice they quickly
turn into a shock front.

2a1The piston velocity u 1--1 - (N - 1), and following the

method of Eq. (6), the piston acceleration is given by

b= u 2ad [2 (N i)- -2a
dt- ( +1 1) (t - tF) + + 1 + 1)

(14)
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It should be noted that although Eq. (14) will yield accelera-
tions to the left of the piston curve (Fig. 2.1-15(d)), they have no
physical meaning. The accelerations on each characteristic pulse are a
minimum at the piston face and increase in value as the focal point is
approached.

Since (t - tF) is negative, b is positive, and increases from

2al/(Y1 + l)tF at the head of the wave to an infinite value when

The acceleration decreases with large tF as expected.

The flow properties through unsteady expansion waves may be
described in terms of the local Mach number or the local characteristic
slope by the following alternate forms (see Eqs. (1) and (2)).

For a Q-rarefaction wave in a perfect gas:

1. Speed of sound ratio
-1

a _ 4 -1 u = N 72 I 1

a4 a I + 2 (15)
4 2 M

when 2a4"

u ------ 1 - 1 or M--.-,-o a----0O
44

2. Flow temperature ratio

"42 ]-2
T44 L 74 2 1 + M (16)
T4 -4 -2- K 7

when

M--- c, T- 0

3. Flow density ratio

1 --1 y

4 [.-- ... 1 + - - ] (17)P4 "--

when

M- , p ---- O 0
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4. Static pressure ratio

1 4 4

^/ ~ 4 u [1 +Y4I

"-P = 2 (18a)P44

or

24 [1 r 2-4  (18b)

when
mp - v -0u 2 0•

-. •,p-.--'o ; - = u p-----o

5. Particle velocity ratio

U _ M

a4  4 (19)
1 + M

when

u 2

6. Mass flow ratio

DU F (20)

41 + ----

when

M --- , 4----0

7. Stagnation temperature ratio

To To T (I + -- y M)
-- (-2T T T 4 T 1

when
To 2
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8. Isentropic stagnation pressure ratio

P o21 (22)

y4 - 1 -4Li+ 2.-- MJ

when 1

M 0 OP -----• O'(/ 2 \4
POP2 )4

9. Pitot pressure ratio for subsonic flow (M <1)

This relation is identical to Eq. (22)

1

_�_ [1 + ---4 M2]

P4 - (23a)

p 4  V4

when 1

P4 kI 94 + 14

10. Pitot pressure ratio for supersonic flow (M > 1)

1

P_ 41 M-21

P4  p" P4  2 14 4 1]
"Y + 11 M .+Y F

when 1 (23b)

(7,
P4  4

M o --- P0 m q'- 0.545 at M ' ,4 = 1.4P4 ' P4 max3
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11. Reynolds number per foot ratio

~7Y T u 4k ) /M -2 (24)
P ~ ~ ~ ~ ~ 1 a v 4 -lTP- 7-0,2

For

M-- 0 and M--,,, , Re --- 0

For

'4 = 1.4 and n = 1 , Remax occurs when M =

where n is the exponent in the viscosity-temperature relation.

12. Dynamic pressure

1 2 Y4 M2
__u _ q -2 - (25)

P4  P 4  1 4 - 1(

For

-- - 0 or M-w.aPo ,0

For

Y4 = 1.4 , q/p 4 max occurs when M = 2

It should be noted that in Eqs. (21), (22), and (23) it is
assumed that the steady flow adiabatic equations apply locally at a
measuring instrument in an unsteady flow. The correctness nrf this as-
sumption must be verified by experiment.

The physical quantities of the flow can also be expressed in
"a very useful form in terms of the slope of the characteristic lines of
"a Q-centred (noncentred) rarefaction wave. The slope is expressed in
nondimensional form as

N ax a4 (centred)

N a 4  u d a 4  (noncentred)

From Eq. (ld)

a - 4 - 1 _u
a4 a 4 2
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From Eq. (If)

u 2 2 _Ta 4 Y4 + • 74a

Combining the above gives:

1. Particle velocity ratio

2 N + 1 N +1 (26)
a4 )'4 + 1i J (fy 4 (6

For

Y4 = 1.4 , when N = - , 0 ; N = 5 , 5
a 4  a 4

2. Sound speed ratio

a- 4 1 - 1- )- (N + 1)a4 'Y4 + I a4 t4 (27)

For

a4 , when -1 4  N a4

3. Static temperature ratio

ForT4 1 - •41(N + 1)] (28)

For
T TV4 -- 1.4 , when N = -1 , -- 1 N = 5 ,- = 0
T4  4

4. Densityv r at i___o
1

4.~~ Tenit rati

= -~.(N + 1)] (29)

For

' 4  1.4 , when N = -1 - 1 N 5 - = 0
4 p 4  P4
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5. Static pressure ratio

04

P= [1 - (N + 1)] (30)P4 14
For F 4o1.4 , when N-1 , 1 ; N= 5 0

P4  ' P 4

6. Mach number

For = ' ) = (31)

For

y4  = 1.4 , when N = -1 , V 0 ; N =5 , i-- {

7. Mass flow ratio

4 74 _ d N10J 4

For

V4 1.4 , when N= -1 0 N N50
44 4

r. Stsrnation temperature ratio

0 T T [ + (4 N + 11 (N +1-f4  p T4 L (>' )4 NjJ L 4 I

(33)

For (

o= 1.4=.

Y4 = 1.4 , when N ý -1 T. 1 - N =5 , T.2 5

44

9. Pitot pressure ratio (subsonic flow), and isentropic stagnation
pressure ratio

11

PO - 30 + Y N + 1 2 4 4Po o • .p_ = I +IW (N + 1
P4 P P4 G - (PY)4 N4 j

For (34)
"Y4 1. 4

; ~30
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when 1

N = - 1 1 ; NW 0 P 4 [ 2 - + = 0 .5 2 8

P4  P

N 5, =280
P4  L~T

10. Fitot pressure ratio (supersonic flow)

2 "1/2(Py) 4
Y24+1 ( I

P!!L P -"• , / 2 N+ ):4-1j L -4`

o J_ [~~' - 1 2 'I~

(35)
For

4r = 1.4 when N 0 o, -0.528 N N 5 , P4 ' NP P4

11. Reynolds number per foot ratio

1 2n
Ou/ u (L- ) (N + I (N + 1)

For (36)

Y4 1.4 , Re 0 when N-l and N =5

12. Dynamic pressure

1 u2 2
= 4 N + 1 [ 1 (N )

P4  P4  T LF- T'4 1 - l( J (37)

For

Y4 = 1.4 , q = 0 when N = 1 and N = 5

The above relations are tabulated in Table 2.1-6 as functions

of the nondimensional slope (N u of the characteristic

ri lines of a centred rarefaction wave. The value of N = -1 corresponds
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to the head of a Q-rarefaction wave, while N = 5 is the limiting value
of the slope of the tail of a complete centred rarefaction wave. The
intermediate values of -1 5 N -15 represent characteristic lines or
the tails of rarefaction waves greater than a Mach wave but less than
a completed centred wave.

Some of the features of Eqs. (15) to (37) and of Table 2.1-6
are illustrated in Figs. 2.1-16 to 2.1-28 for y = 1.4.

Similar results may be plotted for a Q-compression wave.
However, in this case the range of N is -- £N 5-1. That is, it is
hypothetically assumed that a piston can be accelerated from rest to
infinite speed. In a real flow a shock wave would form long before
such a condition is reached, and the assumptions of isentropic flow
would become invalid.

Figure 2.1-16 shows that in the (a 4 t, x)-plane, for a gas

with y = 1.4, the complete centred rarefaction wave c cupies the region
between N = -1 and N = 5, i.e., from a slope of -45* to + 78.70%.
Figure 2.1-17 indicates that the velocity ratio has a value of 0 at
N = -1 and increases linearly to the escape speed value of 5 at N = 5.
Similarly, Fig. 2.1-18 shows that the sound speed ratio decreases lin-
early from I at N = -1 to 0 at N = 5.

The thermodynamic quantities of temperature, density, and
pressure ratio decrease monotonically from 1 at N = -1 to 0 at N = 5.
The rate of decrease is also in the same order, Ps shown in Figs. 2.1-19
to 2.1-21. On the other hand, the Mach number increases monotonically
from M = 0 at N = -I to M----cc at N = 5, as shown on Fig. 2.1-22.

By analogy with steady flow, the mass flow has a maximum
(pu/(pa) 4 = 0.334) when N = 0 or MN 1. It is zero at N = -1 and

N = 5, as shown in Fig. 2.1-23.

Figure 2.1-24 shows that the total temperature ratio T /T4

has a minimum (0.833) when N = 0 or M = 1. It is 1 at N = + I and has
a value of 5 at N = 5. The isentropic stagnation pressure ratio po/P4
(Fig. 2.1-25) has a minimum (0.528) at N = 0. and has a value of unity
at N = + 1. It has a limiting value of 280 at N = 5. The pitot pres-
sure behind a normal shock wave in the rarefaction region appears in
Fig. 2.1-26. It is c-en to increase slightly up to N r-0.5 from a
value of 0.528 at N = 0 (it has no real values for subsonic flows
-1 < N < O) and then decreases to C at N = 5.

If the temperature-viscosity relationship is assumed to be

of the form T) , n = 1 (which is only good in a very narrow

range fcr real flows), then the Reynolas number per foot ratio can be
plotted in a simple form as shown on Fig. 2.1-27. It rises from 0 at

N = -1 to a maximJm value of 0.528 at N = 1/2 or M = 5/3 and decreases
to 0 at N = 5. Similarly, the dynamic pressure has a maximum value of

'1F 0.265 at M = 2 or N = 5/7 (Fig. 2.1-27).

The Riemann invariants are shown on Fig. 2.1-28. For a

Q-centred rarefaction wave the value of 5 is a constant through-

out. The values of Q decrease linearly from Q4 5 at N -1 to
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I= -5 at N = 5.
Q4

It is of interest to differentiate the above relations with
respect to N, or normal to the characteristic lines, giving

du - a4• (a constant)

da a 4

-- a (a constant)

dT- 2T 4  1 ]

dN N4 L

3- "4
d_•__ P4 Y4 1(+1) 41

p= P4 1 (N 1 1
dN 1 - 4

dM 4  (37)

dNI (1 - )4 N) 2

The derivatives listed in Eq. (37) are evaluated in

Table 2.1-7a for the range -1 • N • 5, for Q-rarefaction waves.

Table 2.1-7a illustrates what is shown graphically in Figs. 2.1-17 to

2.1-22 inclusive. The slopes of a and u versus N remain constant since
they are linear relations. The slopes of the curves of T, p, and p

versus N are monotonically decreasing, respectively, whereas j-M in-

creases rapidly with N. Similar results for a Q-compression wave ap-
pear in Table 2.1-7b.

A consideration of Fig. 2.1-14 will indicate that since
states (3) and (4) are uniform flow regions, there the derivatives of
the dynamic and thermodynamic quantities are zero. However, at the
head and tail of the Q-rarefaction wave the same quantities change dis-

continuously and their values are shown in Table 2.1-7. Similar dis-
continuities exist Inr the derivatives of higher order and illustrate
the following important "roperty of characteristic lines: if a uniform
state exists beside a n_..niform region, the two are separated by a
characteristic line, for example, the head of the Q-rarefaction wave
in Fig. 2.1-14. Therefore, despite the fact that the values of u, p,
p, and T are continuous across this characteristic, their derivatives
can be discontinuous. Consequently, the transition from one region to
another occurs through characteristic lines where the derivatives of
first and higher order can change discontinuously (Ref. 1). (In a real
flow any sharp discontinuities would probably be smoothed out by the
action of viscosity and heat conduction.)
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Tables 2.1-6 and 2.1-7 show that the shape of a given flow-
quantity transition profile through a rarefaction wave depends on the
initial and final conditions. Also, the extent of the wave in the
(x, t)-plane depends on the initial and final states, for example, on
states (4) and (3) in Fig. 2.1-14. If state (3) is theoretically a
vacuum then a complete centred Q-rarefaction wave connects states (4)
and (3S. Under this condition all of the derivatives are discontinuous
at the head of the wave, and those of a, u, and M are discontinuous at
the tail of the wave. For an incomplete wave (N<5), the derivatives
are all discontinuous at the head as well as at the tail of the wave.

Since

dN I tx~ a "d(38)

and

x dN 5- x t dN

the derivatives in Table 2.1-7 could have been rewritten in a somewhat
different form in order to illustrate the above remarks. For example,

3- ' 4

P 1F 4 - (40)

4 Y+3-v 4

at) t Y4 + L1 X +(a

It is seen that at the origin, when t = 0, the derivatives are discon-

tinuous and must be smoothed out to give a continuous flow through the
rarefaction wave. Since the rarefaction wave profiles spread with time,when t---wo their derivatives become vanishingly small. Although the

dvalue of the discontinuity - on each characteristic iine remains un-

changed as shown in Table 2.1-7, it is important to note from Eqs. (40)
and (41) that the derivatives of the physical quantities with respect
to x and t will be smaller for any wave whose centre is not located at
the origin of the physical (x, t)-plane. Thus, in a schlieren record,
a wave which is centred at the physical origin will appear sharper than
one which may be centred elsewhere. From Eq. (40) it is seen tinct for
a given x x from the origin where t = t and

1 1

x_ _1 204

at ax a4tl

is a maximum at this station. As t becomes >t and a becomes more

S 4tpositive, ax decreases.
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It is sometimes of practical importance to obtain very fast
temperature changes in a shock tube. Flom Eq. (28) it is possible to

determine the time rate of change of temperature that a particle of gas

would experience on passing through a rarefaction wave, i.e.,

dT..dT * + dT aN
dt dN at dN ax

1T _2( (42)d11
T4 dN0 4 '4

aN N and kN N
71 t ax x

1 d--T P - .4 1 - .4 (N + 1 N 2 +T (N + 1)

T4 dt V4 tL~ J47

For (43)

dT T 4 dT
Y4 = 1.4 , when N = -1 N 5 ,1------w 0

Hence, close to the rarefaction wave head, the cooling temperature gra-
dient is very high. For example, if T4 = 300°K and t = I0psec, then

dT = _i7 , K/sec.

Some of the above results are summarized in Taole 2.1-8 for
Q- and P-rarefaction and compression waves as a ready and convenient

reference.

2.1.5 Rarefaction and Compression Waves in Imperfect Gases

A simple deviation from the perfect gas flow assumed in Sub-
secs. 2.1.3 and 2.1.4 occurs when the specific heat is dependent on
temperature. It is assumed that the gas is thermally perfect (p = p RT)

but calorically imperfect with Y = y (1 + aT + bT2 + ... ) where Yo, a,

b, etc., are known gas constants. A further assumption is made that
there are no variations in entropy in the flow.

The equations of motion are unchanged, and consequently, for
a P-wave,

dx. u + a
dt ~(1)

~1 du -a
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and for a Q-wave,

dx
at =U - a

(2.)
du_ -a

dp

From the First Law of thermodynamics and the equation of state,
p =p RT,

dT = T( _)()
up P

If Y = constant, then the usual relation between p and T can be ob-

tained by direct integration p = CT l/(-1) F From Eqs. (1) and (3),

du . + a (4)
dT -p dT - Y

Since Y = y(T) was assumed as known analytically or from an experimental
- curve, Eq. (4) can in principle be integrated and

u.+ f(T) = constant (C1 )

u - f(T) = constant (C 2 )

Adding and subtracting the above equations shows that along a character-
istic line u and T are constant, and from Eqs. (1) and (2) it is seen
that the characteristics J.n the (x, t)-plane are straight lines.

Since a2 = yRT and

da tT da2a j=-YR + 1 da dadT

therefore,

dTa 2a.
ia ('T-V da nu

Similarly,

Sdu du • da A dT
'1 dp da dT dp

or,

+u 2da ( a .(6)

du- Y _T 2 da /
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dLu 2

From Eq. (6) it is seen that when Y = constant, da T2 •' a constant.

That is, the characteristic lines in the (u, a)-plane are also straight
lines. However, when y = y(T) these characteristics become curved.

An alternative method for showing the relation between u and
p for a perfect gas and for a gas with vibrational excitation is given
in Ref. 24. It is shown that when changes in the specific heats are
small, that is, Cp = C p 4 (1 + CT) for a compression wave where e is a

small quantity, then from Eq. (18), Subsec. 2.1.4, for a perfect gas,

a 4 Y4 - 1 -N(7

becomes, a4fl (7

a4 (4 - 81 - (8)

where @ 1 for a compression wave. Consequently, for the same pres-

sure ratio -- , the particle velocity is greater for the variable

specific heal case. Similarly for a rarefaction wave Cp = Cp4 (1 - eT)
and 0 ýt 1, and for the same pressure ratio, the particle velocity is :
less than for the constant specific heat case.

If imperfect or real gas flow tables or Mollier diagrams are
available (Refs. 34, 35, and 36), then all the flow properties through
rarefaction and compression waves can be determined quite accurately by
using graphical integration (Ref. 34b) without having to make any of the
above assumptions. This is accomplished by determining the initial en-
tropy of the real gas and then finding the pressure, density, tempera-
ture, and speed of sound at a constant entropy for an expansion or com-

pression wave.

The method is illustrated in Figs. 2.1-29 and 2.1-30 (from
Ref. 34b), where air is expanded from 100 atmospheres and 3000K to lower
values.

Figure 2.1-29 (a) shows that for a given pressure, the real
gas temperature is somewhat lower than the perfect gas value.

Figure 2.1-29 (b) indicates that the initial higher sound
speed for the real gas is decreased as the expansion proceeds, and
finally, at low pressures, the perfect gas sound speed is greater.

From Fig. 2.1-29 (c) it is seen that the density for the same
pressure is greater for the rear gas, since it is expanded to a lower
temperature than the perfect gas over most of the range.

From Eqs. (1) and (2) and the definition of sound speed
(a2 = dp/dp), one can write

du ~1
for a P-wave du (1a)

dp pa(

-s-- ~ 37



2.1.5 NAVORD Report 1488 (Vol. 6, Sec. 18)

for a Q-wave dp = - 1 (2a)
dp Pa

The quantity -L is plotted against p on Fig. 2.1-30 (a). it
pa

is seen that the perfect gas values are only slightly greater over the
pressure range. A graphical integration of (a) gives the particle ve-

locity directly at a given pressure (since u = ± I a--' and is shown

on Fig. 2.1-30 (b). At a given pressure, the particle velocity is
greater for the perfect gas than for the real gas in an expansion wave,
as noted above. A cross plot of Fig. 2.1-29(b) and Fig. 2.1-30 (b)
gives the variation of u with a, and is shown on Fig. 2.1-30 (c). It

is seen that for a forward facing rarefaction wave 1 = -5 fora per-

feet gas, whereas for a real gas du/da becomes increasingly larger as
the expansion proceeds. It also illustrates the previous remark that
for the perfect g"s the characteristic lines in the (u, a)-plane are
straight, and for the real gas they are curved. The method of obtain-
ing the characteristics in a real gas are discussed in Ref. 22. In
addition, it is worth noting that the Riemann invariant

2a _ 24P = -+

for a perfect gas is no longer a constant in a real gas. The devia-
tions noted in Figs. 2.1-29 and 2.1-30 would be very much greater for
an expansion from an initially high temperature and low pressure, where
the reai gas effects are more significant.

It should be noted that the above effects are important only
when imperfect gas effects for isentropic flows are noticeable. For
shock tube work at ordinary temperatures these effects in a rarefaction
wave would be small. However, for expansions from high temperatures,
gas imperfections can be quite significant. In addition, when such ex-
pansions occur very rapidly (near the focal point of a centred rarefac-
tion wave) the flow along each particle path can no longer be regarded
as isentropic (Fig. 2.1-31). Such flows are discussed in Refs. 22, 22a,
22b, 22c, 22d, 22e, 23, and 23a.

It is of interest to use the definition of the sound speed
along a particle path as defined in Ref. 22 to illustrate some of the
forms it can take in a relaxing gas (agreement on the correctness of
this procedure has not been reached; see the discussions in the above
noted references).

a 2 R- (E + U + RT) (E + U) RT (9)

In Eq. (9), (E + U + RT) is the enthalpy, (E + U) the internal energy,
E the adjusted portion, and U the lagging part. 'Their derivatives
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define an effective isentropic index for the sound speed, where

p =pRT

E = E(T)

DU f(p, T, U)

RI R(p, T, U)

U 21u1  (10)

The lagging part (i) of the internal energy is designated by (U,).

The value of a 2 can be found for different cases of lagging
specific heat. Consider the case of lagging rotational heat capacity
(in practice this would not occur readily, since it only requires a
few collisions (2 to 4) for adjustment).

Let

dE dU r
dT Ct and i = Cr

r

where Br is a temperature typifying Ur* For a perfect diatomic gas
r3R = R (a constant), = RoT and U RR 0 r*

Therefore,

R + T DR + •- (E + U)

_D (E + U)a2 Dt DDt D T(b

or DOr
a2=5 !Dt + 2 D-•"-

a2 D • R T (11)

3 DT + 2!r

If e = constant, then

Der =a02 5
U 0 and a= RT (the nonatouic value)

if er = T, then

a 2 = • ROT (the diatomic value)
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If 8 lags T, then intermediate sound speed between the monatomic and

diat~mic value is obtained.

In the case of lagging vibraticnal heat capacity tor a di-
atomic gas, E = • RoT and Uv = vibrational energy summed over all

modes. Or, Uv = Uv(Ov), where Ov = vibrational temperature which typi-
fies the vibrational energy, rid

DUv DUv Do DO

Pt DU Ft* C ib

Substituting in Eq. (11) yields

DT 2 DOv

a2 i= t R0vbDa DT v DOb R0 T (12)

DT CvibFt

If ev constant, then

r~v a 2 =RDtO - 0 and = RoT

When 7+2

v =T then, a R T

Fo-aditmi gsC .R a
5 + 2- Cv 0

For a diatomic gas C vib "R0 at high T (assuming no other modes) and2 9 oT

Similarly, for a dissociating gas with vibrational heat capacity lag,
1f Y is the degree of dissociation then R = (1 + a) Roy where R is themolecular gas constant per unit mass, and

DR5 =Rot E = 5( -a) RoT + (23 ) RoT = ROT

DE 5 DT + R0 T DaD-t -- j So D=t + -T "Dt

U: al d + gv (Op) (1 - a)

DU D-a Dev D(
d + CriDpt(1 - ) -Uv Dt
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A substitution into Eq. (9b) gives

(a !VdUb + la) DO
(7 + 3+ O T ++ 

-- (

DT' B R T R T Ra2~~ CO l~ o
DT D 1 2 1 d 2Uv\ 2 Cvib (1- a) D0ev +a 0

+ b ) Ro + T La - + ( 0 0 + o] (13)

it will be roted that when a = 0, Eq. (13) becomes identical with Eq. (12),

and when a a2- (2Ro)T. That is, for the atomic gas the gas

constant is twice the molecular gas constant.
For example, consider Eq. (11) and assume that er does not

follow T instantly when a rarefaction or compression wave passes over a
gas, but maintains the temperature T for a few collisions. Then
0 r = T 1 and a2 = 5 RoT. This implies that the head (H) of the rarefac-

tion wave (R) (Fig. 2.1-31) starts out from the origin (O)with a sound
speed appropriate to a monatomic gas, and then the speed decreases to
the equilibrium value at the particle path (d), where flow changes are
now very gradual. That is, particle paths (a), (b), and (c) have di-
minishing entropy changes, and for particles (d) and beyond, the flow
is isentropic. For the compression wave, the entropy increases as the
shock is approached, and the head (H) of the wave (CW) speeds up as it
approaches the shock wave. Whether the head speeds up to the monatomic
sound speed will depend on whether or not the compression wave which is

steepening to form the shock wave is strong enough to yield a sharp or
diffuse type of shock wave (Subsec. 2.2.2). If a sharp shock is formed,
then the head will speed up until it has achieved the monatomic sound
Sspeed. If the shock is diffuse, this would not occur and would be simi-
lar to the case of a rarefaction wave which is not centred at the physi- j
cal origin, and changes along a particle path may be small enough to
avoid relaxation effects.

Some special cases may be derived from Eq. (13) for a diatomic
gas.

1. If the chemical reaction rate or change in dissociation is very
small, the composition is fixed or frozen, i.e., a is constant across a
sound wave. If in addition vibration does not change, then the sound
speed is one of frozen composition and frozen vibration. From Eq. (13),

a 2  (7 + 3a) ( T (14,

or
2  

4 +3Z ZR T (14a)a2 •+ Z 0 R

2. If the vibrational degrees do participate at their classical value
of Ro T when the translational temperature is high,

C vib R Ro
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and

a -0) Rr (15T 0 o (

or

a 2  -g-z Z RoT (15a)

3. If the chemical reaction rates and the rotational degrees can fol-
low the changes across a sound wave and the vibrational degree cannot,
then (from Eqs. (B-2! and (B-26), Supplement B)

C

a 2 2 1 + a) ROT (16)

where C and Cv are evaluated with fixed vibrational energies along an

isentrope.

4. If the vibrational degrees also can follow the change across a
sound wave, then complete equilibrium exists, and

a 2 2 1 + o) ROT (17)

where C and Cv now include the change in the vibrational energy.

The above definitions of sound speed are quite useful when
dealing with flows through shock waves and rarefaction waves (Ref. 24b).
They apply to nonstationary flows in a shock tube or stationary flows
over a model where these waves exist and relaxation effects occur.

For example, consider Fig. 2.1-32, where the flow over a model
in a shock tube is illustrated schematically. Behind the moving shock
wave (S) in the quasi-steady region (2), equilibrium is established after
a relaxation distance (L). Relaxation effects can occur in region (3),
through the rarefaction fan and in state (4), depending on whether or
not the flow time through a wave element along a streamline (1F) is very

much greater or less than the equilibrium time (fe) for external, inter-

nal, and chemical degrees of freedom (Supplement C).

2.2 Plane Shock Waves

In Subsecs. 2.1.3 and 2.1.4, it was shown that a compression
wave generated by a piston in a duct of constant area steepens to form
a plane shock wave. The properties of the shock wave now will be con-
sidered in some detail. It can be noted that the shock relations to be

derived also apply locally without restriction across spherical or cy-
lindrical shocks.
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2.2.1 Shock Waves in Perfect Gases

In its simplest form the shock front in a perfect gas is re-
garded as a discontinuity across which changes occur in the dynamic
and thermodynamic flow quantities (Fig. 2.2-!). In real flows viscosity
nnd heat conduction change the discontinuity into a thin front (of the
order of a few molecular mean free paths thick, see Ref. 26) through
which a rapid but continuous transition in velocity, pressure, density,
and temperature takes place (Fig. 2.2-2). A further and much greater
thickening of the shock front takes place whenever relaxation phenomena
occur in imperfect gases (Subsec. 2.2.2). If viscous and diabatic ef-
fects are assumed to act within the transition front only, then regions
S1) and (2) can be considered as isentropic, one-dimensional states
behind the shock wave a boundary layer is formed in a real flow and

the flow is no longer strictly one-dimensional). The equations of
motion of one-dimensional steady flow are as follows:

Continuity equation

d (pv) = 0 (1)

Momentum equation

d 2 4 d
dx (pv + P-•M-) (2)

Energy ne1.yation

pv T L p vv ,2 += V S4+
dx dx Pv +Pd*x dxIV--) x dx

(3a)

Alternately, d2 4 v

TX Pv Cp T + /v - dv k = 0 (3b)

The energy equation as given in Eq. (3a) is a restatement of the First
Law of thermodynamics. It is useful in showing the terms that contri-
bute to the entropy production in a shock wave. The form given in
Eq. (3b) is the usual one which contains the enthalpy and kinetic energy
terms.

Equation of state for a perfect gas

p = M RT (4)

where R = C - Cv) a constant.
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Entropic ejuation of state

p = Ap> (5)

S-s 0

Po C v
where A :2- * e a constant for isentropic flow.

po,,

For all values of x,

pv = C 1  (6)

2-S dx 1 2 (7)

•C ½ 4 dv dT!=

p1Pd T + 1 v 2 11 C3 (8)

where C1 , C2 , C3 are constants that can be evaluated in terms of a

known state (1) ahead of the shock wave, and where

0(: O0T) 0
(A'x dx =

Therefore,

C1 = pl V 1

2C 1 C 2 ý Pl + Pl Vl

C3 = C T1 + v1
2

When the viscous diabatic equations (Eqs. (6) to (9)) are solved for the
shock front (Refs. 26 and 26a to 26c), a continuous transition front is
obtained which is shown schematically in Fig. 2.2-2. The thickness of
this front is considered in detail in Ref. 26. From Eq. (3), if k is
treated as a constant (just to indicate the physical effects, e.g., for
a weak shock front) it can be shown that the contribution to the entropy

production by d 2 T/dx2 is positive when there is a net heat flow into the
element and negative when it flows out. Consequently, the curves of
entropy and total enthalpy

d 1 2 0 o- (Cp T + v2=d- = T •-L

-(P dx dx 3p

Iix
44A



Performance of Simple Constant-Area Shock Tubes 2.2.1

have a maximum value. The final result is a net increase in entropy
(in accordance with the Second Law of thermodynamics) but there is no
change in the total enthalpy of the states separated by the shock.
That is, the heat which is generated remains within the shock front.

If the conditions that-9 = 0 and = 0 are also applied to

state (2) downstream from the shock wave, then Eqs. (6), (7), and (8)
reduce to algebraic form and are known as the Rankine-lugoniot equa-
tions for a normal shock wave. The resulting algebraic equations are

P2 v 2  P1 v1  
(10)

P 2 + P 2
2 v2 P Pl V 1

2  (11)

C T 1 2 Cp T1 + I v2 (12a)

p 2 +12 p 1 1

or

1 2 h 1 2(1bh 2 + v 22 h h1 + 'I v 1 (12b)

P1 v

P 2  . p2  P2 (13)

P2p 2

The ratios - and -- may be expressed in terms of shock wave Mach num-

ber MS =a = Wland it can be shown that S2•S only for Žs•1.
A comparison in series form of Eq. (13) with the isentrop(c relation

P2  •Pl indicates that they differ only in the third order term

( I "] showing that for a very weak disturbance the two expressions
are equivalent1
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For a shock wave moving at speed w into gas at rest, v1 = w

and v2 = w - u2, where u2 is the flow speed induced behind the shock

wave. From Eqs. (10) a.l (11)

Plw P2 (w - u2 ) (17)

Pw2 ÷pl =P2 (w -u 2 )2 + P 2  (18)

or

or= •'2 ( P2 - (19)

p1  (P2 - P1)

2 (P2 - PI) (P2 - P1(u2 V PlP2 (20)

- w/a W U1 p 2 /P 1 - - 2 1 -2T

(21)u2 - 2 /a 1 U22 1  P-2/Pl -- r? - 1~

P2 _ 11 .(22)
P1  21 w-u 2  W11- U2 1

P2 1 = 1 + =u1 1 + YWll U2 1  (23)

S•, -, from a measurement of the shock velocity w and particle ye-
I the pressure and density relation (Hugoniot) for the state

shock wave can be determined (Ref. 27). Jt is seen from
LEa. that when

P2 P ' P2 - PP"-...p and P2 - P"-P- 4?

w-- a I

rlat is, in the ]imit a weak shock becomes a sound pulse. In this case
u -- 4o- 0, i.e., there is no mass motion behind a MFh wave.

From Eq. (13) it is seen that P 2 1 --- c when - --

that is, in the limit for strong shock waves

_P2 •
r 2 (22)
p1
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Substituting this value in Eq. (21) for strong shocks

Wll v)' + 1
u - + (23)

or

V21 = Wll - U21 .---- z- ..+ 1 (23a)

Wll Wll T

A substitution of Eq. (23) into Eq. (21) yields, for strong shocks,

P21  : 1 + 2 V 112 _ 2 Wi2 (24)

T2  21  2 2 v-1 -2Y (Y 1) W 1 (25)

P2 1  Y 1 - 1 (+ ( 1) 2

"A W1 1 V2 / 1) (26)

- ' 2 1  - 2 1  1(27)

21 11 V2y( - 1) (Y " 1)

For the case of air, e.g., with 7 = 1.4, M 1.89 as

P 21-0 . It is worth noting that 1 : Y • 5/3. Consequently, a

monatomic gas (e.g., He) is least compressible (p 2 /Pl--.--- 4); and a

gas of a complex structure (e.g., SF 6 ), is most compressible

(p2/Pl - 21). For such a gas, W1 1 /U 2 1 --- a'1 and P 2 1 ---- 2 0 if y-
remains constant. This condition is not satisfied for s' hbcks
(Supplement B).

Physical quantities behind a normal shock wave in a perfect
gas are plotted in Figs. 2.2-8 to 2.2-13. The same results also apply
locally across spherical and cylindrical shocks as well as to the nor-
mal velocity components of oblique shock waves since the tangential ve-
locity components remain unchanged.

2.2.2 Shock Waves in Imperfect Gases

The present section deals with shock waves in imperfect gases.*
The effects of thermal [p = pRT (1 + a)] and caloric imperfections

*An alternative development of shock-wave epuations In real gases is lis-
cussed in Supplement D.
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[Cv = Cv ,T,p)j , and relaxation processes are considered. Entropy in-

creases are encountered considerably beyond that for shock waves in
perfect gases at high Mach numbers.

2.2.2.1 Relaxation Effects

When a gas is suddenly compressed by a shock front (Supple-
ment C), thermodynamic equilibrium is disturbed and a relaxation time
is required to restore it. If the relaxation time T is much longer
than the times Xc of molecular collisions (T/1i = Z >> 1), then the

shock wave becomes quite extended and very marked changes occur in the
flow properties through the transition front.

The distinct shock transition fronts shown in Fig. 2.2-3 may

occur in a gas (Refs. 11 and 28). Sketch (a) illustrates the adiabatics
in the (p, v)-plane. The value of I* for complete equilibrium is in

this case less than the constant value of Y1-2 for the so-called

"frozen" state, which considers the active degrees as immediately ex-
cited, but the inert degrees as unexcited. (Translation and rotation
are usually lumped together, since they reach equilibrium in a few co)-
lisions.) Consequently. the gas is more compressible (v = lip), and
the complete equilibrium adiabatic lies closer to the p-axis. A plot
of p against x through the weak shock does not exhibit the familiar
Rankine-Hugoniot pressure ratio P2 1 discussed in Subsec. 2.2.1. In-

stead, a smooth transition or a "diffuse" shock occurs. This is analo-
gous to the action of heat conduction and viscosity in the transition
front for a perfect gas or frozen Y case. As a matter of fact, relaxa-
tion effects can be treated by adding bulk or compression viscosity
terms in the Navier-Stokes equations (see Refs. 29, 30, and 31 for ex-
ample). Such a profile is founO when w < (a active), that is, the

compression or weak shock front travels with a velocity less than the
sound speed for the Rankine-Nugonlot adiabatic with y evaluated op the
basis of the active degrees. This may be seen in sketch (a) of
Fig. 2.2-3. If a discontinuous shock is to be generated then state (2),
which lies on the Rankine-Hugonlot adiabatic, must be formed first.
Since the tangent ratio for state (1) is

then

a 2  > a 2 or w > (a active)1l-2 1 al2 1l

v. is the conditio., for the formation of a sharp shock. If w < (a 1 active)

then the sharp front is replaced by a smooth transition. (A gas with
a very long relaxatiosi time (L = w? is large) would be most useful for
observing such a shock. A systematic experimental study of this problem
has not been done to date.) This transition is propagated without change
of shape. The front is of the order ef the vibrational mean free path.
The pressure, temperature, and density all increase continuously through
the transitivn front, while the velocity decreases until it has attained
the equilibrium sound speed (a 1 ), and then decreases further until it is
subsonic.

4
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An example similar to the case of Fig. 2.2-3 (a) occurs when

a subsonic steady flow with w < aI is decelerated by a small pitot tube

(Ref. 32). Along the stagnation streamline, near the pitot orifice;
the pressure rises from the free stream static pressure to the equilib-
rium stagnation pressure, giving a smooth transition curve similar to
that in Fig. 2.2-3 (a). The compression is accompanied by an entropy
increase even in the decelerated subsonic flow.

Figure 2.2-3 (b) illustrates the condition w > (aI active).

A discontinuous jump in pressure occurs from (1) to (2) along the
Rankine-Hugoniot adiabatic as the translational and rotational degrees
adjust in a few collisions. This is followed by a further, almost ex-
ponential, rise in pressure (2*), as the inert degrees adjust through
an increasing number of molecular collisions (see Supplement C).

Another possible shock transition profile that may occur is
shown in Fig. 2.2-3 (c). For example, consider a very strong shock
wave propagating into a diatomic gas. Immediately behind the front the
pressure jumps from (1) to (2). However, if the translational tempera-
ture is very high, the collisions are very effective and the gas dis-
sociates almost completely before vibration or any other inert degree
can be excited (assuming no electronic excitation or ionization). Under
these conditions the gas is nearly monatomic and cannot be compressed to
the same extent as a diatomic gas. (The perfect gas limit is p2/Pl = 4

for V = 5/3 and 21 for Y= I.I.) Alternately, there are no aew heat
sinks available to further cool the gas in order to increase its den-
sity. Consequently, the pressure bek'ind the shock front jumps to the
perfect gas value and then drops exponentially as the gas reaches ther-
mal equilibrium (2*). It is of interest to note that two adiabatics
cross at (i). Beyond (i), the equilibrium adiabatic now lies to the
right of the Rankine-Hugoniot adiabatic, having a constant y evaluated
for the active degrees, and gives rise to a decreasing pressure and
density. Analyses for the weak shock case shown in Fig. 2.2-3 (a) way
be found in Refs. 11, 19, and 28. An experimental verification can be
found in Pef. 28d. Although this is an interesting problem in gas dy-
namics, it is not of immediate practical importance for actual !light
problems. Some recent work on strong shock wave profiles including
radiation effects can be found in Refs. 28a to 28c.

Shock waves shown in Fig. 2.2-3 (b) can be readily produced
even for weak shock waves in a gas where the inert degrees are already
excited (e.g., CO2 at NTP). The almost discontinuous jump (La is very

small, - 106 in. at NTP, see Supplement C) from p1 to P 2 is found from

the Rankine-Hugoniot relation Eq. (13), Subsec. 2.2.1, with y = 7/5 for
any diatomic or linear polyatomic molecule, and with Y = 4/3 for any other
polyatomic molecule. This very interesting result arises from a consid-
eration of the energy equation,

C + +
1 v 2 T +e 2Cpa T1 + ei + f v Cpa T2 +i 2 ()

where C T and C T are the enthalpies excluding the inert internalpa 1 pa 2
energy ei, which the initial gas possesses to start with. It is seen

that this energy cancels out, and since the mass and momentum equations
are unchanged, only the V for the active degrees is involved. It should
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be strongly emphasized that the use of Y = constant for the determina-
tion of the properties behind the shock applies only to the active por-
tion of the front. It will be seen subsequently that Y ceases to have
an important role in calculating the shock properties when inert or im-
perfect gas effects are present.

Flow Quatiie in the Equilibrium Region behind the Shock
Wave (Region -*) -- The almost exponential rise in pressure from P2 to

P2 is considered in some detail in Refs. 18, 33, and 34a. However,

since the equilibrium flow quantities in (2*) are independent of the
intervening processes which establish equilibrium between the active
and inert degrees of freedom (Ref. 11), it is not necessary to consider
the relaxation zone in order to compute the equilibrium (*) values be-
hind the shock front. Consequently, the final equilibrium fiow quanti-
ties far enough behind the shock front can be determined from a know-
ledge of the enthalpy or internal en(rgy content of the gas. It is
worthwhile illustrating the above by considering the case of CO2, as

shown in Fig. 2.2-4, for vibrational excitation only (Ref. 34b). It
is seen that the equilibrium pressure (p*) and density (p1) exceed the

SRankine-Hugoniot values based on the active degrees only (y = 7/5),
while the temperature (T*) is less. The above result is shown in an

alternate manner in Fig. 2.2-5a. On the other hand, if for CO 2 y = 1.3

is considered as constant throughout the transition, then the Rankine-
Hugoniot equations give results roughly intermediate between the active
and equilibrium values for density and temperature and a lower value
for pressure.

The transition through a shock front for the case where dis--
sociation is also present is shown in Fig. 2.2-5b for the case of oxygen.
The sharp change L 1 for the active degrees and the exponential approach
to equilibrium for vibration (L v) and dissociation (Ld) as equipartition

of energy takes place are shown. The total shock thickness or relaxa-
tion zone is given by L.

The method of obtaining the equilibrium values is as follows.
Consider the equations of motion for adiabatic one-dimensional shock
flow in stationary co-ordinates (v2 = w - u, v w):

Continuity, = (p 2 v2 ) (2)

Momentum,

(P1 + p v1
2 )i (p 2 + P2 v22)* (3)

Energy,

1 2 + h 1  1 ( 2 2 + h2) (4)

Equation (3) may be rewritten as

p2 1  + y1 Ms2 (1 -
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where y has the free stream value, M is the free stream or shock Mach

number • and = v2/v 1 .

Similarly, from Eq. (4),

h2 = 1 + 1 Mr2  (
21 h 1  (0 21 )

The thermally perfect equation of state for an undissociated or non-
ionized gas is given by

p=p T = p RT (7a)

The thermally imperfect equation of state for a dissociated or ionized
gas can be expressed as

p = = p RT-Z(p, T) (Ub)

The calorically imperfect equation of state without dissociation or

h = h(T) = Cp(T) dT (8a)

o

and with dissociation or ionization by

T

h h(p, T) C(p, T) dT (8b)
J p
0

where

m = molecular weight of cold gas

m(p, T) = molecular weight of hot gas behind the shock

Z(p, T) = ,T m 1 (9a)

or, for a single diatomic gas,

Z ff [ u(pj, T)] [1 + x(p, T)] (9b)

where

x = degree of ionization

S= degree of dissociation
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and Z and h are tabulated in such standard references as Refs. 4, 35,
and 36. A plot of h(p, T) for a pure diatomic gas (Ref. 37) is shown
schematically in Fig. 2.2-6a. It should be noted that

C p(p, T) ý (ah/aT)p

Consequently, the slope of a curve at any point yields C p(p, T). For

a diatomic gas with only translation and rotation excited, C is a con-_dh _ dT •7 •

stant, that is, p per unit mass. When the gas is fully
dissociated (no ionization) it is monatornic and the molecular weight is

halved, or C dT 5 V. z 51 . The dissociation energy 1 d is the

difference between the a = 0 and the a = 1 curves and is nearly constant
with temperature (except for the effect of vibrational energy). As noted
in Supplements B and C, the degree of dissociation a increases with tem-
perature and at a given temperature increases rapidly with decreasing
pressure. At the lower pressures especially, the temperature changesare small as 1d increases from zero to its full value and is typical of

the variation of enthalpy with temperature of a substance as the latent
heat 1 is added.

The effects produced by the excitation oi the inert degrees
of freedom can be clearly illustrated on a plot of h with T of which
Fig. 2.2-6b is a portion. For a strong shock (M >1) thac can produce
dissociation, V "2 is a small quantity, and from Eq. (6)

21

h _ 
1i -1 2 (6a)

h 2h• • 2 Ms

Sconstant

Consequently, for a given h2 = h: the excitation of the inert degrees

means a decrease in the translational temperature (T2c < T2b < T2a,

where (a), (b), and (c) are assumed as possible equilibrium states).
Similarly, v2 /VI = p/P2 = P1 2 . T2 1 * Z(P 2, T2 )° Since P 1 2 does not

change very much and T decreases rapidly as each new mode becomes21
excited and outweighs any change in Z,

v2c < v2b < V2 a

By assuming that the vibrational degree has achieved its full
molecular excitation energy of per mode over most of the range for

Ms >>I, the curve of h = h(T) including vibration has a slope of

C = 9 . Under this rough approximation Vy 9/7, and

V I
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or

V 2 b 3v 2b (see Fig. 2.2-6b)

V2a T

The temperature, at a given pressure, at which dissociation
starts depends on thc dissociation energy of the gas. At 1 atm hydro-
gen dissociates at approximately 2200'K, oxygen at 24000 K, and nitrogen
at 4400'K (Ref. 17). Figure 2.2--6c shows a normalized plot of h/ld

versus T/ 9 d which applies approximately foi all diatomic gases (see

Ref. 3 and also Supplement C).

Six equations (Eqs. (2), (5), (6), (7), (8), and (9)) permi.;

the solution of the six unknowns *,, T , h and Z. This can
p2 ' P2, T.) 2' 2'

not be done explicitly and an iteration procedure, which converges
quite rapidly, must be used as follows:

1. Compute P2: and H* from Eqs. (5) and (6) for several values

of V 2
1 . (Assume the Rankine-Hugoniot value for a given M. and

y , as a start and several lower values.) Note that

v = s - U21 connects the steady and unsteady velocities be-
21 s 2

hind the shock wave. IV is always subsonic but U can be~21 2*1
subsonic or supersonic.)

2. From thermodynamic tables and charts (Refs. 4, 35, and 36) ob-
tain T *and Z corresponding to the values of p and hobtained

in (1). Compute p2 from Eq. (7).

3. plot A." obtained from (2) as a function of- - -•12r 1 p, V" X-
1 p 21

assumed originally. The intercept of this curve with the line

gives the correct value of V21
21

A solution of the above equations for oxygen is shown in

Fig. 2.2-7 for T1 = 218°K and p, = 10-2 atmospheres (conditions at an

altitude -100,000 ft).

The contributions by each degree of freedom to temperature
and density as the shock Mach number WII = is is increased are clearly

illustrated. Of special interest are the density curves. Curve (a)

from Fig. 2.2-7 is for the case where p p2 and L---__O. for _
=y- 1 for7 P2 9 L2__O8

Pl -6 . If vibration is fully excited TY-.. and p2
p1  

P 1

as shown for curve (b). It should be noted that the calcuiation of
curve (b) with y = 9/7 is a rough approximation, since y in front of
the shock is not 9/7 but 7/5 and the Rankine-Hugoniot equations cannot
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be applied directly. In curve (c) the density reaches a maximum at
Ms #'. 20, when a - 80 per cent, and then the density decreases. The

reason for this behaviour is given following Eq. (0-31) in Supplement D.

Of considerable interest is the entropy change (S 2 - S1 )

across the shock front. In curve (a from Fig. 2.2-7 the entropy is
computed from Subsec. 2.2.1, Eq. (14,, using a constant Y= ' = 7/5.

As the gas relaxes and achieves its vibrational energy through an in-
creasing number of collisions, the entropy is increased. Assuming that
the classical value of RT per mode is achieved, then curve (b) can be
plotted on the basis of ? = YI = 9/7. This is a rough approximation,

since y in front of the shock is 7/5, and Eq. (14) noted above does not
apply directly.

Finally, the entro-)y change is a monotonically increasing
function of temperature given by curve (c). It becomes increasingly
larger as the degree of dissociation (a) rises, or as the shock inten-
sity increases.

It is seen that at Ms = 20, the entropy change in oxygen for

an imperfect gas for the given initial conditions is more than double
the perfect gas value. A similae result applies to air (see Fig. 2.2-16
for h 100,000 ft). Why this comes about may be seen from the entropy

change between state (1) and any of the other states (2)

12 dh 

I 
d2

d T )T) l- -_m
2 2 m p1

(10)2

S -S C T) ET P- p22 1 J p (P 2 ' n Pi

S is the entropy per unit mass, and the integration takes place over
any reversible path. The pressure integration can be done at low tem-
perature TI so that dissociation is absent, otherwise m = a(p, T) and

the pressure integratior could not be written explicitly. Finally, the
t~mperature integration is performed fron T to T at constant p2. The

1 T2 p.
reversible path of integration for T or h corresponds to the constant
pressure curves of Fig. 2.2-6a for h versus T. The pressure P2 does

not change very much in going from state (a) to state (c) behind a
shock front. As a result, the entropy rise on going from state 2(a) to
2(c) is given approximately by (Ref. 37)

P2
S2c - za T

1
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The integration paths are shown on Fig. 2.2-6b, and it is
seen that for an identical change dh, the temperature T for the first
integral is always less than or equal to T for the second integral.
Since h 2 is the same for both paths, therefore S2(c) > S2 (a)* This

difference grows increasingly larger for a given set of initial condi-

tions. As the strength of the shock increases, t 2 (c) on the curve of

h2(c) changes little with increasing h 2 , whereas T 2 (a) increases very

rapidly with h 2 .

Making use of Eqs. (15), (16), and (19) in Subsec. 2.2.1, and
Eq. (7) above, one may express the shock relations in dimensionless
form. For y1  1.4, they become

2 T•1 T1

_21
or 2 [ l '][ ZT[*5.. ] . J = [111- (13)

:• which again may be solved by an iterative procedure.

-I The remaining quantities to be found ian state (2*) are the

sound speed (a•) and the Mach number (Ma). Since the usual perfectga

21

relation for the• sound speed (a2 YET) no longer applies, it may be :"
determined for an imperfect gas in the following way. From the condi-
t ion of i~entropic flow, dS =0, or • •

Sde + dvdh-v dp0 (16)

Therefore,

\•Pl

-i 55
- 21' -
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fa



2.2.2.1 NAVORD Report 1488 (Vol. 6, Sec. 16)

The speed of sound is now defined with the aid of Eq. (17) and the
thermally imperfect equation of state as

3P a- P M ZT a2  (18)

where

S: • a In lp•:9

i ( (20)
- .3-ln ZT/s

and
*

*(21)
fa inp

- 1 o In ZT (21)

The isentropic exponent y V y (p, T) for an imperfect gas is

not equal to the usual specific heat ratio (see Supplement B, Eqs. (B-15),
(B-23), (B-24), (B-25), and (B-26)). It can be found graphically from
Mollier diagrams, by plotting h against e or In p against in ZT along
i~entrupes, and where the local slopes give the value of ' ° Such re-
suits are given in Fig. 2.2-13 from Ref. 40. (Another approach using

a numerical method of computing a2 can be found in Ref. 41. It might2,
also be noted that for single ionization (up to 25 per cent) y can be
determined from Eq. (B-15), Supplement B.

Since UO1 is assumed as known now, therefore the flow Ma-

number in the quasi-steady region (2*) can be calculated from the
pression,

* U
2 2

a 21 (22)

A summary of imperfect gas flow properties obtained from
graphical methods or those using computation machines is given on
Figs. 2.2-8 through 2.2-16. The marked increase in the density ratio

(21' with increasing shock or flight Mach number (M) and decreasing
ambient pressure (p,) is very striking. The same applies to the large
decrease in flow temperature ratio (T;). The changes in the pressure

ratio (P2*I) are not large for different values of p1 at a given Ms

(Fig. 2.2-9a). As a result they are often drawn as a single curve
(Figs. 2.2-8c and 2.2-12). The noticeable waviness in the plots of Ms

with temperature (T;), density ( ), compressibility factor (Z),

Usound speed (A2 *), flow Mach number (M*), isentropic index (y), steady211
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V*

flow velocity ratio and entropy change (S* - SO) is brought
s2

about by the addition of the energies of dissociation and first, secona,
and third degrees of ionization respectively. (Additional data are
given in Tables 2.2-1 to 2.2-4.; Of some interest is the variation of
entropy with flight Mach number for given altitudes (Fig. 2.2-16). It
is seen that at M1 = 19 the imperfect entropy change increases with al-

titude unt at 200,000 ft it is double the perfect gas value. The
rise comes from the larger degrees of dissociation and ionization for
a given M with increasing height (or decreasing pl, that is, about an

order of magnitude for every 50,000 ft). This increase in dissociation
and ionization means a larger disturbance (P 2 *), and since the absolute

pressure or density is low, the number of collisions and time between
collisions (T z Z c'r Eq. kC-3), Supplement C)for an imperfect gas at

higher altitude are both increased for a given Mach number. Conse-
quently, the shock front is more extended, the molecular readjustment
to the new state is more severe, and the entropy is greater; or roughly
speaking, the entropy varies directly with the totai relaxation dis-
tance or time under these conditions (Fig. 2.2-16).

Specialization to the Monatomic Gas.--The methods employed in
Supplement D for the solution of properties behind strong shock waves in
air can be ust-i in a similar manner for monatomic gases. Assuming for
simplicity that only single ionization is produced, then the equations
of continuity, momentum, energy, and state (Eqs. (2), (3). (4), (7), atd
(8)), and the Saha equation (Eq. (B-12b), Supplement B) provitde six
equations tor the six unknowns P 2 ' P 2 " T2, h 2 ' x and u2 in s-ale (2*):

P1w P2 (w - u2) (23)

P1 + PW 2  P 2 + P 2 (w - u 2 ) 2  (24)

W2 (W u2) 2+ h2  (25)

p (1 + x) p R T (26)

1 .1

h2 = (I + X) - T + x -- (27)

or
1.

2 2 p m

x [3.04 x 10 6 T - el116 x 104 ViT Pa 1-1 2I.T e p--- + (28)TPi Pe
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The two main techniques of solving these equations can be
used. That is, for the cold gas TI, M, l' 1' and dI are known. AssumeSa P2 and T2 and solve for x, h*, P2 anu V2  (see Eq. (D-12) in Supple-

m_,nt D). Obtain P, and Pi. Cross plot the results for regular inter-

vais of p~p0as outlined above. If tables or graphs are available,
thin the method of iteration using Eqs. (10) to (14) can be used to ad-
vahtI age.

Alternately, given state (1) and w assume several values of
u2 and get P 2 from Eq. (23), P 2 from Eq. (24L, h 2 from Eq. (25) and x

from Eq. (27a). With the known values of P2 and T obtain an indepen-

dent value of x from Eq. (28). Plot the difference of these two values
(Ax) against u2. When Ax = 0, the correct value of uI in found. This

procedure can be programmed for a computing machine.
Typical results for argon (from Refs. 42 and 43) are shown in

Figs. 2.2-17a to 2.2-17f and Figs. 2.2-18a to 2.2-18f.

Some worthwhile approximations (for a gas like H2 or D2 ) can

be made for Eqs. (23) tc (27) by considering the shock wave as very
strong. Consequently p, and el ahead of the shock may be neglected.

With p,- 0, then from Eqs. (23), (24), and (25),

iP2 u2 (w - u2) = P2  
(29)

(w - u2) u2 + 1 -2 P2 (

Combining Eqs. (29) and (30),

S2 = e2 (31)

The above interesting result shows that for the nonstationary case of
state (2), the internal energy and the kinetic energy of the gas pur
unit mass induced by the shock are equal. Similarly, from Eq. (25),

since (w - u2)2 is small,

1 2 = h2  (32)

From Fqs. (29) and (30) or from Eqs. (31) and (32),

1 2
P2 (1 + e 2 (w - u 2) P2 '2 (33)
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If the gas is fully dissociateo and is approacbing full single luniza-

tion, then per unit mass, (since p2 /p 2 = L T 2 (1 + a) (1 + x))

G 1. d 3 P2 Ud
02 2 • T2 2(1 + x) + 2x -- + 1 2 + 2x

a n d a s x --e- 2l I

P 2

where
I 21

M

Applying Eq. (29)

e2 = u~w - 3e2 + I •__

or 1 1 2 (34)

Solving for u2 (Ref. 44),

=1 0 2i 1 9 2F i32 12 1 (35)

S2 L2 w 2
--- ,-•Since

pl w - u21)2

subýs Iitut Lnl Eq. 34),

2 -(36)

Sint("c Ili(- .•houk vt - It,.%y 1-• ge'ncrally cN . ot~t , Ilt. quaol it ie.s thait c'an bt"
mv'a-urvd.d an~d I iý kmi,,At 1,,r it given ,:a-: (:tsý ,•Lnitg loll] ,iiinglv io iz~a-
ti•)ll}.) •l l t' ]l'*•'' thi"• 11"l" .11 tate(' 2) r'all hr' lu I appr,."x"1,•:1tcly llr,11l

hi"i aIbOo., rolal Thuq• •l t, nla' t ion:;0ttl -nl l l erall t' ure•J •s b'hinld tilt- illiIdu'lli
I I I D~~~~~~~lld Il)iorml I w• h•tk maIVt'- aIrc 1,jtll tr.| |l t l •]i, •t ll l it~l

4(ý k T ) 1 02= , (37)

-I
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where 2 and I are the internal and dissociation plus ionization

energies per molecule. Since I is known (see Table 2.1-1 for hydrogen

I 2 x 13.54 + 4.48 = 31.56 ev) and v' can be found from Eq. (35),
T2 can be calculated.

For the reflection of a shock from a rigid wall the mass mo-tion is reduced to zero and the kinetic energy (Eq. 31) is converted

into internal energy. For a fully ionized gas like H2 or D2,

I I

6k + I = 2 e 2  (38)

Ti T5 is found. For example, in order to raise the temperature of a
h 2 molecule to 3 ev, nearly full ionization, (1 ev = 11,600 degrees) a

shock must impart an internal energy e'-%.,6 x 3 + 32 ý 50 ev, and a
2

kinetic energy of the same value (t/2)u2 50 ev, or a total energy of
100 ev. If the shock is reflected kTs -l ev, and a nearly fourfold

temperature rise results, which is quite significant.

2.3 The Wave System in a Simple Shock Tube

The nonisentropic shock wave and the isentropic rarefaction
and compression waves are the basic transition fronts which can be
generated in a shock tube. In addition, a contact front can also be

formed. Ideally, it is represented as a discontinuity in temperature,
density, entropy, and internal energy. That is, it is a surface sepa-
rating two thermodynamically different states which are moving at the
same flow velocity and pressure. In a real gas, the heat conductivity
(and diffusivity) provides a continuous transition front for the chang-
ing flow properties. (In Ref. 45, it is shown that this front grows as
the square root of time.)

The shock tube problem can be stated as follows: Given an
inviscid, perfect gas at high pressure and another at low pressure that
are separated by a diaphragm in an infinite tube of uniform cross section,
what type of flow is generated wien the diaphragm is removed instantane-

ously'" The answer to such a pr,,o)iem and many others can be deduced from
a discussion of the transition relations fo' -hocks and isentropic waves
by utilizing the (p, u)-plane for their graphical representation (Ref. 1).

2.3.1 Use of the (p,u)-Planc

It was shown in Subsec. 2.2.1 that the following relations ap-
ply across an ideal normal shock wave:

4P 2 v 2 = PI Vl=()

where

v, (w - Ul) andv2=w-u2

2 2
P2 +P2 v2 =Pi Pi 'I(2
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S+ P2

'2 _ . .Ž 1  _V 2
2- 1- (3)

P, Z 1 P 2 + v2 -
.'+1 +1Y + I P i

The above may be recomoined to give

p2  - m (4)

P2-l 2 (5)
2 Pi 2m (5) •

P1  P 2

u2 = u1 ± 0
1 (p 2 ) (6-

where

0l (p 2 )(. - I + 0Q (7)

or = - - )p1-'-(y+ l)p 2*j72 7

or--
\1/2.=====-

01 (p 2 ) = - 0 2 (Pl) = P 2- 2) 2 \1/2
i ~~P?[(-y - 1)P2 + (Y +1p1 =-_

(8)

The equations are plotted in Fig. 2.3-1. The positive sign

applies to shock waves facing in the positive x-direction 7 (forward
facing or P-wave). A forward facing wave is one in which the particles
enter it from right to left. The opposite is true for a backward facing

or Q-wave't. For example, by considering the particular state (2) shown

in the sketch, it is seen that this unknown state (2) is connected to

the known state (1) on its right, by a forward facing shock wave (19).

In a similar manner for a rarefaction wave (Subsec. 2.1.3),

2a 2  2a 1
u 2 ± Y 1  Ul+ I - 1  (9)

u12 u1 ± 4(p 2 ) (10)
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where 2a

1 [(pl/ - 1 (11)

'ý2(Pl) (P2 (12)

These curves are plotted in Fig. 2.3-2.

By combining Figs. 2.3-1 and 2.3-2, the two diagrams on
Figs. 2.3-3 and 2.3-4 are obtained.

This combination is justified, since at the point of inter-
section (1),

(P = P1 ( = - ( __ /2___

and the curves join at (1) in A smooth manner. Alth3ugh

1 (Pl) (PI)

this has little effect on a physical flow.

These diagrams may now be applied to the shcck tube problem
in the following manner. Given a shock tube as shown in Fig. 2.3-5,
which has two gaseous states (4) and (1) separated by a diaphragm such
that P 4 > p, and u4 = u 1 . 0 at t = 0, plot the two states in the

(p, u)-plane and draw the waves for the left state (4) and the right
state (1) as shown in Fig. 2.3-6.

States of the type (2*) (Fig. 2.3-7(b)) are impossible be-
cause the two waves are approaching. This implies the existence of a
pressure discontinuity at infinity at t = 0, and is contrary to the
initial condition that at t = 0 the pressure discontinuity is at the
origin. The only physically possible solution is that given by
state (2) (Fig. 2.3-7(a)), that is, when the diaphragm is ruptured a
shock moves into the low pressure state (1) and a rarefaction wave into
the high pressure state (4), and a new state (2) is formed such that

P4 > P2 > p, and u 2 > u 4 = u, = 0. It will be noted that nothing is

learned about the possibility of the formation of a contact surface
from the (p, u)-plane because across the contact surface p and u were
assumed equal. Its existence is deduced from entropy considerations
of the shock and rarefaction waves. Thus, so far as the (p, u)-plane
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is concerned, states (2) and (3) are equivalent. The ideal wave sys-tem and quasi-steady states (2) and (3) that are produced in a shocktube are shown in the (x, t)-plane on Fig. 2.3-8.

The (p, u)-plane method will be applied subsequently to the
analysis of other wave interactions in one-dimensional nonstationary
flow. Its validity has been well established by numerous experiments
(Ref. 46).

2.3.2 Basic Equations for the Wave System and Flow Quantities in
Perfect Inviscid Gases

In Subsec. 2.3.1 it was shown that the wave system in a sim-
ple shock tube can be represented ideally as in Fig. 2.3-8. At t = 0
the diaphragm is at x = 0 and separates two infinice tubes (4) and (1)containing gases of different thermodynamic state, which are at rest
and in thermal equilibrium. The diaphragm is ruptured at t = 0,' andthe position of the waves at any subsequent time t = ti is obtained

from the (x, t)-plane as illustrated. The states (3) and (2) as pre-
dicted from the (p, u)-plane analysis in the previous section have
equal pressure and particle velocity. The (p, u)-plane analysis didnot predict the existence of a contact surface since across it p and u
are constant. A contact surface must be assumed for the coexistence
of the two states (3) and (2) which were formed by two different pro-cesses and have different densities, temperatures, internal energies,and entropies. The states (3) and (2) are assumed to be uniform since
changes of state occur through the waves.

The basic shock tube problem is to find the uLknown flow
parameters in states (3) and (2) in terms of the known quantities in
the initial states (4) and (1). This is done by matching the pressures
and velocities across the contact surface as a result of expansionthrough the rarefaction wave and compression by the shock wave, that is,

u 3  u2  (1)

4 p2  (2)P3 =P2()

For a backward facing or Q-rarefaction wave (Subsec. 2.1.4)

Y4-1
a4 TT14(

p 3 (3)

For a forward facing or P-shock wave (Subsec. 2.3.1)

Su2 (P2  41 ) ( )1)
+ 1)!2 1+ (4)
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Consequently, there are tour equations for the four unknowns, u3 ' u2,

piP and p2 . It should bo noted that, in general, Y4 P YI, as the gas

in the chamber may ý,c. different from the gas in the channel.

Equations (1) and (4) have the following dimensionless forms:

U3 4  A 1 4 U2 1  (5)

434 14 P21 (6)

U34 7-l

V p.4  3 7

U21= 2 1  (8)YI Vol(alP1+1

and they may be combined to form a relation between the shock pressure
ratio P 2 1 and the known parameters Pl4' A1 4, V4, and y1, which may be U
written as4-

(14 P21) 4 4 14(1• 1V 1 7ýP2 1 +I~~4~2~+ 1- 3 4 A1 4 (P 2 1 - 1) -2 + =1)

(9)

Since

A (-014 v 4  E4 4 (10)

Equation (9) can be reduced to a simpler form,

P4 1-4 134
(P21 - 1 P 2 1 + + (P114 P21) - 0 (11)

It should be noted that this step is justified as long as no
dissociation or ionization occurs in a gas; otherwise it is imperative
to use the sound speed ratio (see Supplement B), and A14 is therefore

a more basic parameter than the internal energy ratio E1 4 o
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Equation (11) has a complex algebraic form and an explicit
solution, P2 1 = P21 (P 1 4 ' E 1 4 , V 4 , v'1), has not veen obtain-d. The

following form is convenient for plotting curves of Eq. (11):

1 r 4 E14 ]1/04

"_4 = - (P 2 1 - 1) 1  1  (12)1-4 P 21 1 2 f1 P21 _ j

Equation (12) gives a relation between the strength of the shock wave
(P21) produced in a shock tube as a function of the pressure ratio

across the diaphragm (P14)' the specific heat ratios ( V4, 71), and the

internal energy ratio (E 1 4 ) of the gases used in the channel and the
chamber.

Some interesting mathematical limits may be derived from
Eq. (12). When P1 4 = 0 (i.e., pl1 - 0 or p4- conditions which

are not realistic physically),

[21J =1 2P3 E1  + 2
jp14=0 V 1 V I E1 4 +V E) (13)

This is the relation for the strongest possible shock wave that may be
produced in a simple shock tube with an infinite pressure ratio P1 4

across the diaphragm. It is seen that the strongest waves arc produced
for small values of

(Cv T) 1(CT=)'-•4 = 14

and immediately suggests the use of a combination such as H2 /A, H12 /'N 2 ,

or He/Air for the production of strong sbock waves even at room tempera-
ture (E 1 4 is 0.0309, 0.0735, and 0.231 for the three combinations re-

spectively; see Tables 2.3-1 ana 2.3-2).

For example, using the combination Air/Air at room tempera-
ture, E1 4 = 1 and [P21] = 0 44; for He/Air at room temperature,

E = 0.231 and [P2] = 0 132; and for H2 /N 2 at room temperature,El4 14 0'~

E 4= 0.0735 and [p2l]~ P 4 = 574. The advantage of using such gas

combinations for the production of strong waves is quite evident.

It may be worth noting that when E14:5 1, a good approxima-
tion to Eq. (13) is

- + 1 (14)
P 1 4 = 0 114 E1 4
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It will be noted that from Eq. (13), when E ---4 0,

[ 
14

P21] W- , and when E4-- , P21  
- I. The mathematical

14 1P144 [2 1]

limits of E14 = 0 or E14 = • are physically impossible since they imply

that either T1 or T4 have zero or infinite values.

The criteria for strong shock waves are, therefore,

1. A very large diaphragm pressure ratio, P 41- 0

2. A gas combination which will give a small energy ratio across
the diaphragm, E1 4-.--. O

A graphical solution of Eq. (12) is shown on Fig. 2.3-9 for
the case of Air/Air. It is seen that the curves occupy the region be-
tween two straight lines which pass through the point (1, 1). These
lines correspond to the theoretical limiting values of E1 4 , that is.

when E14 = 0, P 2 1 = P4 , and when E14 -. ==•, P2 1  I regardless of the
value of P4 1, and illustrate the previous discussion on the production

of strong shock waves. A similar plot is shown on Fig. 2.3-10 for dif-
ferent gas combinations at the same temperature, (T 1 4 = 1).

Once the shock pressure ratio (P 2 1 ) has been determined from

the given initial conditions in the tube (Eq. 12), all other quantities
of the flow may be calculated as follows:

1. Density Ratios

P4 P 3 = 34  [P14 P21] (15)

when

SP14----' 0 4 4--O- 0

11 = P 1  21 (16)lP1 *P2!

when

P21 -- 21 - I

2. Speed of Sound and Temperature Ratios

34 a.[L311/2 T1/ 4'4 (7
34 a ,4 T1 P3444 P 1 4 P2 (17)
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2-- n[n'
2  

2 1~ = L2 a1 )], (1.

when

P41P 0 A -34-----0.

.a 2 _ / 1/ 2 FP21 (aI + P 21)]1/2 ( 8

A1 a 1 1 --I T2 ={• 1 P21

when

P2 1--'-•o A 21_.t o , T21_.__

3. Velocity of the Shock Wave or Shock Mach Number

By definition, for stationary flow,

l- 1- Wi! - W1

Ii s~iJ al aI_ aI- Wll-
8 a a a 1 11

since
I 1 al

"21 01 + P2 1 al I
1+7

M 21

when 1+

P ----- or 1-- A121 1 2

therefore

j1/2

W1= MS = 1 1 + 01 P2 1)]I/ (19)

when

2121 , or P 2 1r~ W11
2

4. Particle Velocity or Contact Surface Velocity

u _ 2 (p 2 1 - 1)(20)
a1  701 [01(c P2 1 + 'I

when

21 • 21
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For strong shocks

p Y (.y u2 1
2  Wl11. V 1  31(otl P21 + 1) (21)

21 21 221 -1

when

P2 1  • y.-, =--- ' (y 1 + 1)/221 U21 "t 1 •11

U '3 4 1 - (P 1 4 P 2 1 ) - A14 U2 1  (22)

when

P14---0 V U3 4 ----- 1/a 4 -34 = 2/(y 4 - 1)

5. Speed of Head And Tail of Rarefaction Waves

For a backward facing rarefactiun wave the head and tail of
the wave have the following characteristic speeds:

C4  u a4 - a(4
C (23) "

a a 4S3 a3

34a4 U34 A ^34

34 _ -4 T4 p114 P2 1)
4  -[14~ P21] 4

when

p1 4 - -0 1 2 (24)

6. Local Mach Numbers

-u 3 U34 1 ( -04(

68a 3 -4 (I 2) -I(5
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when

P 14 ---. %.0 , M 3 ------ • -0

u.2 U= = P21 -1
M 2 -_ 21(26)

2 a 2  A21 ,,[ 1 P2 1 (i +

when

Some of the above relatLions may be transformed into an alter-

nate form involving the shock Mach number (Ms = W,,). For example, the

diaphragir pressure ratio,

MI 2 14

or 2
or P l [• 1] [1 t T u M- ]u~/f4 ("b

For the special case of Air/Air, E1 4 = 1 , 7 - 7/5

= 1 5  1 - -j)](120)

'. s

P --- oo , when M-----9-3 + V"1/0= 6.16
41 S

Similarly,

6 m -3  = M _ (25a)

+ M3  s MS

MS P 00~ when M -.-- 6. 16

=2 5(Ms2 1 (M - 1) (Ms2+ (26a)
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Similar results may be obtained for other gas combinations.

It ±s of interest to examine the mathematical limits of the
above relatione for very strong shock waves. The values appear in
Table 2.3-2 for three gas combinations In the shock tube. In all cases
considered in Table 2.3-2, the diaphragm pressure ratio P41 = P4 /Pl is
taken as infinite; that is, p, is of order zero by comparison with the

magnitude of P4 ' For Air/Air, when E14 = 1, the limiting shock strength

P21 = 44, and the pressure ratio across the rarefaction wave

p 2 1 P14 ý P3 4  0. The speed of the tall of the rarefaction wave in

state (3), C3 4, and the particle velocity in state (2), U2 1, are both

equal to 5, the escape speed (see Eqs. (22) and (24) above). In other
words, the tail of the rarefaction wave coincides with the contact sur-

4 face, and state (3) is non-exiotent. At a first glance it appears as if
the conditions in the shock tube are violated at the contact surface,
since on the one hand a complete centred rarefaction wave results from
the assumption of P41 --- bo , and on the other hand the results show

that a shock wave pressure ratio P2 1 = 44 exists. It is recalled that

the shock tube equation (Eq. (11)) was developed with the conditions
that P3  P2 and u3 u 2 exist at the contact surface. By assuming

that P4 1 = P 4 'Pl--e , then P3 4 = P 1 4 P2 1 or p 3 /P 4 = p 2 /p 4 has in it

an assumption with regard to the order of magnitude, that is, P2' P3'

and p1 are zero by comparison with P 4 ; and this tends to violate the

initial conditions that P3 = P2 # 0. Therefore, the restilts from the

basic shock tube equation will apply except for the error in the order
of magnitude introduced by p 4/pl-s-o- . Thus, even if p 2/pl = 44,

P 34 = P 1 4 P 2 1 still applies because p2 /p 4 is also of order zero.

Physically, the condition that P4 1N-o is impossible. It could be

achieved by having p, = 0 and P4 finite, in which case a complete ex-

pansion wave only would result; or else p4 _aoo and p1 finite, in which

case the above discussion applies, that is, a shock is produced such
that P2 = 44 pl. but whose order of magnitude by comparison to P 4 is

zelro. A centred rarefaction wave is also formed such that P3 is of

order zero by comparison to P4' and therefore the complete centred rare-

faction wave solution is approached and yields the escape speed as the
particle velocity as noted in Table 2.3-2.

If, in addition to P 4 1 -4-O.C, E1 4 = 0, i.e., T1 = 0 or

ST4---*'l then the flow quantities are as shown, for the case Air/Air.
The interesting limits are for = 21i P2/pl '6 and M2 = u2/a2- l.89

when P2 1-- 00. Again, these conditions are not attainable physically.

For the case Air/Air, El4 = 0.1 could be obtained by having T1  3009K

and T4  3000*K. Assuming yv constant, then

P 2 1  422 U3 4 = A14 U2 1  15.8/ 1i6 = 5 = 34
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In this case as well, the tail of the rarefaction wave coincides with'12a 4  I
the contact surface and they move with the escape speed 2--4 of the

4

gns in the chamber. At room temperature (or equal temperatures in the
chamber and channel) E14  I for Air/Air, E 1 4 = 0.231 for He/Air and

E 1 4 = 0.0735 for H2 /N 2 , The great advantage in using the latter two

combinations for the production of strong shock waves and high values
of the other flow quantities is illustrated in Table 2.3-2. Subsec-
tion 4 gives a further discussion of the limitations of the simple
shock tube as a generator of strong shock waves. Various modifications
to the simple shock tube giving increased shock strength, such as driver
gas heating or tube cross-section area change, are considered in
Subsec. 4 in detail.

If aerodynamic testing is required in the constant state re-
gion (3) and (2), then the best type of gas to be used for the produc-
tion of high Mach numbers may be obtained by differentiating Eqs. (12),
(25), and (26) with respect to the diaphragm pressure ratio (P 4 1 ), and

obtaining the maximum limits when P4 1  1; that is, when very weak shock
wa.es are produced.

S'I I

__ _ l F E M c (27)

where B+ 41/ + V4 1 4  1 4

j4A comparison of the above derivatives when P4 1  1 gives a

goodindcaton oer ostof te rngeof te iporantparameters re-
quird fr te podutio ofstrog Sockwavs ad hgh achnumber

f l o w . T e d e i v a i v e • P 2 / • P 4 ) s o w s h a t t h e g r e a t e s t i n c r e a s e

inshock strength with an increase In the diaphragm pressure ratio oc-when Fig. 2,3-(). For strong shocksHh rdc B)I us emd ml ya appropriate choice of a gas

7'1

cobiaton eg, 2/F6orHPAtM

41 = l 1 + V ' 4 E1
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On the other hand, the derivative[ aM3 shows that for
6P41 p W 1P41P41

the production of a high Mach number flow in state (3), E1 4 should he

very large. Thus there is an opposing demand in this case for a gas
cowbination, say A/H, or SF6/H2' which will give weak shocks. The rea-

son for this may be seen from a plot of M3 versus P 3 4 = P1 4 P 2 1
(Fig. 2.3-11). For ihe production of a shock wave of reasonable
strength (P 2 1 ) it will require a very much larger diaphragm pressure

ratio (P 4 1 ', when a gas combination is used which has a large value of

E1 4 . Hence P 3 4  p1 4  21 is very small, and as a result M is very
large. Although the values of y for real gases do not .iffer very radi-cally (y ranges from about 1.1 to 1.66), nevertheless the best result
for a high Mach number flow (M3 ) is obtained by using a gas combination

with a large value of El4 and a low value of 4, which also implies a
14]

large value of (BE) 1 4 . For example, the value of --- for

SF 6 ,'H 2 is 0.804, whureas it is only 0.497 for A/1 2 . In this case the

low value of y and d for SF has a telling effect. Furthermore, the

index of refraction of SF6 is considerably greater than that of A and

is advantageous for optical studies of the flow. The above is illus-
trated on Figs. 2.3-12 and 2.3-13.

[aM21
Inspection of the equation for the derivative [

P4P41=

shows that for high Mach number flows in state (M2 ) it is important to

use a gas combination with a low value of (BE)I 4 and a low value of yl.

Combinations such as Ii /A and H2/SF are very useful for the production
of strong snocks and high Mach number flow behind the shock wave. Thecombination PH2 /SF 6 is much better than H2 /A since it has a higher

[6M2 value (0.8 and 0.5, respectively). Also for

SF M max = 4.86 as compared to M2 max = 1.34 for argon. However,

the combination H /A is useful for the production of strong shock waves
2

in a monatomic gas (A). Since it is not affected by dissociation, ioni-
zation phenomena may be studied much more readily. The variation of
M2 with P1 4 and is shown for Air/Air on Fig. 2.3-14.

Although the above curves are useful for illustrating the
range of the parameters involved in the shock tube problem, they cannot
be utilized too readily for experimental comparisons. As a result the
curves are replotted so that they may be applied to actual problems;
Fig. 2.3-15 shows the variation of P versus P for the case Air/Air,41 21
T = 1. rigure 2,3-16 shows the variation of P41 versus P2 1 for He/Air,
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TI 4 = 1. The relations for the wave speeds in Air/Air as a function

of shock pressure ratio (P 2 1 ) and diaphragm pressure ratio (P 4 1 ) appear

in Figs. 2.3-17 and 2.3-18. The variation of the f±ow parameters in
regions (3) and (2) as a function of shock strength (P 2 1 ) are shown on

Figs. 2.3-19 and 2.3-20. The above graphs make it possible to determine
quickly the flow parameters in a shock tube as a function of shock
strength P 2 1 ' diaphragm pressure ratio P4 1 , or shock wave Mach number

W l. Similar curves for the case He/Air are shown on Figs. 2.3-21 and

2.3-22. The values of P2 1 ' E2, U2 1 , and T2 (T 1 = 300'K) are also
plotted against W in Fig. 2.2-23, as a ready reference for the shock

Mach number.

It will be noted that the curves which give the variation of
the physical quantities with shock pressure ratio P21 for air are not

extended beyond P2 1 = 33. The reason for this is that the specific heat

ratio y1 can no longer be assumed as a constant and the properties across
the shodk front must be found by using the theory with imperfect gas ef-
fects.

For the strong shock range, further perfect gas results for

shock Mach number (up to 25) versus diaphragm pressure ratio are given
in Subsec. 4 for various values of Y4 and ?,, and a range of sound

speed ratio A4 1 (Figs. 4.1-1 to 4.1-7).

7. Reynolds Number

In order to compare some of the experimental results obtained
in various shock tubes on shock wave attenuation, boundary layer growth,
shock-boundary layer interactions, and model tests in the uniform state
regions, it is necessary to maintain dynamic similarity, and the flow
Reynolds number becomes one of the important non-dimensional parameters.
Strictly speaking, this implies that for two flows the Reynolds number
for corresponding points in the flow must be identical in order to
achieve dynamic similarity. Since the flow in a shock tube is assumed
as one-dimensional, a typical length dimension is not readily available,
unless the shock thickness or the mean free path is used. (A cross-
sectional dimension, boundary layer thickness, the product of a particle
transit time and its velocity, or a model dimension, could also be used
for actual flows.) However, for any point in the flow the mean free
path could be used as a fundamental length parameter and the Reynolds

number is given then by the relation

R, =(28)

where p = gas density

u = mass motion of the gas or the free stream velocity

A = equilibrium molecular mean free path of the gas

S= gas viscosity
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From the kinetic theory of gases

/1=0.499 p c X - 0.5 p c X

where c = the mean molecular velocity (c V 'a) and

where a = speed of sound of the gas.

Combining the above,

RX = 1.5M , = 1 . 4  (29)

Hence, for isentropic flow, the Reynolds number at a point depends only
on Mach number. The form that the Reynolds number usually takes is

Re- Al 1.5 (30)

where K = X/l, Knudsen number.

Here 1 = an arbitrary linear dimension which fixes the scale.
For most shock tube work the Knudsen number is very small, and in order
to compare the Reynolds numbers in the uniform state regions (2) and
(3), the Reynclds number per foot is arbitrarily used and is given by
Re/I = pu/yi . Thus, for state (3),

PRe 3 3 - u 3  (31)

H 13 /13
or

orL4 p Pi 34 U34
3 "4 - 4 41 P1 T (32)

where the viscosity as a function of temperature is assumed as

/13 T34076 (33)

Similarly,

() Y P1 . 21 U2134)

1 2 I T21

For the case Air/Air, the Reynolds number ratio is

(Re) 3  F3 4  T2 1 0.76

( 2 = 4T2 1  T (35T
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Assuming an initial temperature in the shock tube of 159C, and a pres-
sure in the channel p1 = Imm Hg, then

T = T 4 = 288"K

aI = a 4 = 1117 ft/sec

P =P 4 = 3.7194 x 10.7 slugs/ft-sec

P1 = 3.13 x 10 slugs/cu ft

P1 = 1 mm Hg

and the variation of the Reynolds number per foot in state (2) and the
Reynolds number ratio with diaphragm pressure ratio (P 4 1 ) is as shown
in Table 2.3-3 and plotted in Fig. 2.3-24.

It is seen that even at a low channel pressure (p1 = 1 mm Hg)

the Reynolds number per foot is sizeable. The Reynolds number per foot
in state (3) is considerably greater than in state (2), and the ratio

(Re) 3)3 increases with increasing diaphragm pressure ratio. Thus, by

varying the channel pressure (p ) and the diaphragm pressure ratio
(P41), it is possible to get a large range of Reynolds and Mach num-

bers in a shock tube for aerodynamic testing in the uniform state re-
gions. Although theoretically rcgion (3) has the larger Mach and
Reynolds number range, the gas temperature is low; in practice this
regi.n passes over the jagged remains of the diaphragm and is found to
be qu'.te turbulent. It is therefore not as useful for testing purposes
as state (2). It should be noted that the Reynolds number per foot
could just as well have been referred to state (4), and a curve similar
to Fig. 2.1-27 is obtained.

8. Total Temperatures

The total temperature behind the shock wave may be derived
from the energy equation,

C T 2 + u 2  C To 2  (36)

or
-T ~ v 1  2

T -- = 1 + M (7
wo22 T 2  L- 1 ÷2 (37)2

when -

P co M 2P21-'' • 2" -" ( 1 - 1)-
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or

To2 Y1 + 1

T2  '1

for

= 1.4 !, 0 1.71

For y 1.4, Eq. (37) may be expressed as

T 02 +. W2
T 1 (W1 1) (37a)

T 1 3* 11

From stationary flow considerations the stagnation temperature arising
from adiabatic deceleration is given by

1 TI 1( + C T C1 p 2 1 2) p 2 p o

or l~ c 1  )2+ T = ~ 0 (38)
1 2~ + , 1 w 2 +h =C T"1 w1  _ u2 ) 2 p

Therefore
r-i,

__ 1 + - M2

T o_ ..2 T1 - ) 2 2( 3 9 )

whe 
+ U •-21 1) M2 2

when

T

S0!----1 --- 1 M -- 2---
212 V(l - 1)

21

or

:T o2 4

/+1

For

YI 1.4 To2
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That is, the total temperature experienced by a model in the hot gas
behind a moving shock wave is considerably larger than the stagnation
temperature in a steady flow at the equivalent shock Mach numbers. An
examination of Eqs. (36) and (38) shows that this increase in total
temperature arises from the fact that u 2 can be supersonic, whereas

(w1 - u2 ) is always subsonic. It is worth noting that since U-1 >
(w, - u2)U 2 1 ^

as P 21---o- , therefore (w1 - U2) 2 0, or from Eq. (38),

h -- o-C T = 2 +h 1 w2
2 P 0h

that is, the enthalpy behind a strong shock front 2 w1

The total temperatures available in state (3) is given by(see Subsec. 2.1.4, Eq. (21))

S- 1

T Y4 - 2_ To3 __1_+ _

-T-4  1 + 1 3]4 (40)

31E

T3
2 as M - o

For =.

Y4 --1.4 T To/T 4 --- 5

Alternatively,

[3( T°3  1-2 - 2 1 P34) (40a)

A plot of Eqs. (39) and (40) versus P21 is shown in Fig. 2.3-25, where
Eq. (37) has been restated as

T o 2  To 2  T 2T oZl T = _-:T-- "T-- ( 41)
1 2 1

9. Pitot Pressures

For M2 1

2 __ pV 1 l 2 1-
-=Pi _ 2 P2 + "1 2 1 2' (42)Po2  - P 1) 7

r ~ p ~'l +-~--M 2 72
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For M2 > 1, the Rayleigh relation appiies,

1

Po pt 'Y I + 1  2v 1  2931 II,I o2 P2 P 2 _ 71 + 1 M22
Po21 P - P22 -I-• M2?' I2/ 22 - * P 21

Lv~+1 2

(43)

For state (3), for M 3 < 1

S1 + Y4 - 1 12 4

SPo3
Po 3 4 - P4 3  + -V•4 - 1 M3] /4 (44)

when M3 >1,

Po34 7244 22 M3 2 y- M 2 -Y4 Y4 -1 11/04

-'4 3 -4 + 1 i1+ --- T M 3

(45)

Equations (42) to (45) are shown on Fig. 2.3-26 and in Table 2.3-4.

10. Mass Flow Ratios

_P2 u 2

A 2 1  Pp a1  21 U21 (46)

P4 4
A34 = (47

1 + _L4 -1 M

Relations (46) and (47) are shown on Fig. 2.3-27 and in Table 2.3-4.

11. Dynamic Pressure

2 __

1 u 2  q2  V1 2
Q21 P 2  p 1 P -I - 2 21 (48)
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2 q3 X4

1 U3  q3 ~3Q34 P 3 (49)3_ •3

P4- P4  [ + Y - 1 1/4 (49)

T 3j

A plot of Eqs. (48) and (49) is shown on Fig. 2.3-28 and Table 2.3-4.
In order to illustrate the variation of the physical and thurmodynamic
quantities of the flow in a shock tube, a particular case has been com-
puted for illustration and is shown on Fig. 2.3-29. The initial condi-
tions are for a temperature T1,4 = 288*K, a channel pressure

P1 = 100 mm Hg, a diaphragm pressure ratio P4 1 = 20, case Air/Air, for

tI= 1000 psec after rupturing the diaphragm. the pressure p, den-

sity p, temperature T, particle velocity u, Mach number M, Reynolds

number Re, entropy A- , and the conserved flow parameters, C To and

24 - r a 4 , are shown along the tube length x, The actual values of

the quantities are also given and-were obtained from the previous graphs.

Referring to Fig. 2.3-29, it is of interest to note that at
"the contact surface only the particl? velocity and the pressure are con-
tinuous and all other parameters are discontinuous. Since the tempera-
ture and the density are discontinuous at the contact surface there
exists a .nolecular transfer of heat between region (3) and (2S. it
should be noted that the greatest change in entropy exists at the con-
tact front and not at the shock front, and arises from the fact that
state (4), being a region of high pressure but at the same temperature
as state (1), has a very much lower entropy.

In order to solve the shock tube problem the particle veloci-

ties u3 = u2 and the pressures P 3 = P2 were matched. The process for

the rarefaction wave was shown to be unsteady and isent-opic. The dif-
ferential equations of continuity and motion defining ti&ýs flow were not
solved directly; instcad, the equatioas of the characteristics were
found. On the other hand, the shock wave process was shown to be equiva-
lent to an irreversible adiabatic steady process. The integrated eque-
tions of continuity, momentum, and energy were applied directly for this
case. As a r'esult of the matching of these two different flows, two con-
served flow parameters appear on Fig. 2.3-29 at the contact surface, i.e.,

"C p T0 and X 2 - Ia 4° Due to the steady state process,

Cp TO = 1 V2 + C T 1  (w1  - u2 )2 + C T

the stagnation enthalpy remains constant for regions (1) and (2); but
due to the unsteady state process,

2a - 2a 4

Y4 'Y4

i a I I I I I9
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the constant of the P- family of characteristics applies to regions (4)
and (3) and throughout the Q-rarefaction wave.

It is interesting to note that the constant per unit mass for
states (1) and (2) is an energy constant, and for (4) and (3) a momen-
tum constant. The above along with the distinctly different results
for the "escape speed," total temperature, and pitot pressure illustrates
the fundamental difference between steady and unsteady flows.

2.3.3 Imperfect Gas Effects

The relations derived in Subsec. 2.3.2 apply when the gas is
the.ýmally and calorically perfect. If the gas is imperfect, then two
deviations will occur. First, consider the case when a gas in state (4)
is heated and a considerable amount of dissociation occurs. If the dia-
phragm is now ruptured, the high-temperature, high-pressure gas in the
chamber goes through the rarefaction wave and is cooled. Relaxation
and recombination take place giving rise to a flow with variable chemi-cal properties, specific heat, and entropy (see Supplements B and C and

Subsec. 2.1.5). Consequently, the resulting flow will deviate from
that predicted by the perfect gas theory. That is, Eq. (11), Sub-
sec. 2.3.2, no longer applies.

Second, if the gas is imperfect, then the other relations in
Subsec. 2.3.2 for states (3) and (2) must be replaced by their equiva-
lent inmperfect gas-flow properties. For example, all of the relations
for state (2) behind a shock wave in an imperfect gas developed in Sub-
sec. 2.2.2 apply.

In order to cope with the first deviation, the variable en-
tropy region can be neglected and numerical integration along an isen-
trope of Eqs. (1) and (2), Subsec. 2.1.5 can be done, that is, for a
P-wave the integral

u a dp (1)

is evaluated along an isentrope. If a Mollier chart is available
(Ref. 36a), then this can be done in a step by step manner since the
state properties are known along an isentrope and the particle velocity
can be determined from

Au = Ap (a
p

In practice it is found (see Subsec. 4.3) that one may approxi-
mate by neglecting the imperfect gas effects and use the perfect rarefac-
tion wave relation (Eq. (22), Subsec. 2.3.2)

U3 4 =•4(P4 P1 2 1 ) 1 4 U2 1

to obtain the diaphragm pressure rati,' P14. To do this, y 4 must be the

value appropriate to the high temperature, hig~h pressure gas (incliding
dissociation effects after conbustion) and P and U! are the appro-

21 da
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priate imperfect shock wave' values. For a given shock Mach number
W = M P21 and U* are known. If the chamber conditions have been

11 sp 21
calculated for the given method of heating, Y4 is known. Consequently,
P 1 4 is found from Eq. (2).

It can be noted that under ordinary temperatures (300 0 K) the
effects of variable specific heat through the rarefaction wave have a
very small influence. However, hydrogen is an exception since at moder-
ate pressures at 3009K it has a value of Vy( 1.40 whereas ut low pres-
sures and a temperature of 50 0 K, v 1.66 (Ref. 4ý. That is, rotation
is practically de-excited and hydrogen behaves like a monatomic gas. It
should also he noted that even for the case of Air/Air at 3000K, with a

diaphragm pressure ratio of 1.3 x 10 5, the temperature behind the rare-
faction wave for a perfect gas is 0.08 x 300 = 24 0 K. This temperature
is considerably below the boiling point of nitrogen and oxygen, and liq-
uefaction should occur. Under such conditions the effects of variable
specific heat can be quite significant. However, as will be noted in
Subsec. 3.1.3, the temperature in the rarefaction region (3), in a real
flow, is usually much above the ideal temperature, and it is doubtful if

such extreme low temperatures would be attained. However, a recent cal-
culation (Ref. 55) on hydrogen as an imperfect-gas driver shows that the
high-pressure effects (50 to 125 atm) compensatf' for the gas imperfec-
tions, and using y = 1.4 (perfect gas) gives very good agreement for
P4 1 vs W1 1 .

Figure 2.3-30 shows a plot of shock Mach number W with dia-

phragm pressure ratio (P 4 1 ) for Air/Air when y z; 1.4, and when air isF41
considered as an imperfect gas behind the shock wave (perfect gas in
chamber and vibrational energy included behind the shock wave). The
properties behind the shock wave are those calculated in Ref. 11. It is
seen that a higher diaphragm pressure ratio P4 1 is required to produce a

given shock speed Wll for an imperfect gas. The reason for this lies in

the fact that the shock wave in an imperfect gas has a higher pressure
and particle velocity than in the perfect gas case. At high shock Mach
rumbers, the deviation becomes quite significant. For example at

W11 z 4.3, a P4 1 - 6 x 10 is required for a perfect gas, and a

P4 1  8 x 10 for an imperfect gas, an increase of over 30 per cent in
4

P4 1 " If a P4 1  6 x 10 was used in both cases, then the imperfect gas

W = 4.24 as compared to 4.30 for the perfect gas case. Very little

gain is achieved with air as a driver at high diaphragm pressure ratios.

Typical curves of the state properties for air in equilibrium
in state (2*) as compared to the ideal values given for state (2) in
Subsec. 2.3.2 are shown In Figs. 2.3-31 to 2.3-41, inclusive. The above
plots are taken from Ref. 36a. The effects of dissociation and ionJza-
tion at low pressure are quite evident.

2.4 Effects of One-Dimensional Wave Interactions and Finite Tube
Length

In the previous sbsectiors the chamber and the rhannel were as-
sumed to be of infinite length. In actual shock tube work the chamberJ
and the channel are of finite length with open or closed ends. As a re-

sult, after a short time (milliseconds, depending on the channel length)
the flow in a shock tube becomes quite complex due to the ensuing inter-
actions.
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When the diaphragm in a shock tube is ruptured, the shock

.%ave proceeds along the channel, and if it strikes a closed end, it
undergoes normal reflection in a non-linear manner. If the channel is
open. the shock wave undergoes diffraction and reflection. If the flow
behind the shock wave is subsonic, M2 ( 1; theoretically, a rarefaction

wave is reflected back into the channel. (Actually, due to the complex
three-dimensional flow that takes place, a shock wave is also reflected
back into the channel. Real flows at open chamber and channels will be
discussed in Subsec. 3.) When the flow behind the shock wave is super-
sonic M2 > 1, then theoretically a rarefaction wave cannot be reflected

back iron the open end of the channel.

In the case of the rarefaction wave which is propagated into
The chamber; if it encounters a closed end, then it undergoes normal
reflection as a rarefaction wave; if it strikes an open chamber, then
theoretically a reflected compression wave steepening into a shock wave
enters the chamber. Again, owing to the three-dimensional effects,
this is modified somewhat for a real flow (see Subsec. 3).

Eventually, the reflected waves will interact with the con-
tact surface and with each other and will give rise to a very complex
flow pattern in the shock tube. As a result the reflected waves will

determine the duration of the steady state flows in regions (3) and (2)
and will control the selection of the theoretical lengths of the cham-
ber and channel of a finite shock tube for aerodynamic testing. Some i
of these interactions now will be considered in some detail. It should
be noted that the final states resulting from these interactions can be
predicted from the (p, u)-plane solutions as outlined in Subsec. 2.3.1.Numerical and graphical solutions may be found in Ref. 7.

2.4.1 Normal Reflection of a Shock Wave or a Rarefaction Wave
2.4.1.1 Shock Wave Reflection

Figure 2.4-1 shows a simple shock tube with both ends closed
and the resulting normal reflection of the rarefaction wave at the end
of the chamber and the normal reflection of the shock wave at the end
of the channel. From Eq. (20) in Subsec. 2.3.2, the particle velocity
behind the incident shock wave for constant y is given by

2_ 21 _ P21 - 1

U 21 _ / (1))a 'I P 1( a I P 1 + I1 I /

The boundary condition at the closed end of the channel is that the
particle velocity, after the head-on reflection, must be zero. If this
condition is to be satisfied, then the particle velocity behind the re-
flected shock wave travelling into a gas at rest must be equal to the
particle velocity behind the incident shock wave also entering a gas at
rest.

Hence,

u2 u5

and u 2 1  U5 2 A2 1  (3)
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or

52 1 P 2 1 1  21

2 1 ~(1  P52 + 1)]1/ 1 21]

or

P 21 ~ 1 -I P -1 [P2 1 (VI + P2 l

1i[01('l P21 + 71) 2 Y i1iaif P592 + 1)] 1/2 L1 + f1 p 2:1J
(5)

a nd
2 1 + 2 P 1 2  (6)

52 -1 + a1 P1 2

Equation (6) gives the variation of the pressure ratio across the re-
flected shock wave in terms of the pressure ratio across the incident
shock wave. It is seen that for an incident Mach wave P2 1 = 1 and

P 5 2 = 1. When the incident shock wave P21---, then P251-' '1 + 2.

Thus for air, assuming a constant V = 1.40, the strongest possible re-
flectcd wavc 8. (The limits of the absolute value of P obtain-

able in a simple shock tube, as outlined in Table 2.3-2, should be
noted.)

The excess pressure ratio is defined as

P 5  - p1  + (7) -.-

P2 - Pl P21 o"

For a Mach wave, P2 1 -- 11 and the excess pressure ratio -- w2, which

is the acoustic result fcr sonic reflection. If P 2 1-woo, then the

excess pressure ratio--e-P 5 2------O 8 , as for Eq. (6).

The density ratio E52 and the temperature ratio T5 2 are ob-

tained from Subsec. 2.3.2, Eqs. (16) and (18).

=1 + aI P 5 2  (8)
52 a•1 + P 52

P 5 2 ( -1 + P 5 2 ) (9)
T 5 2  1 + al P52
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Thus, these ratios for 1 ! P 5 2 S 8 are identir"i with the values given

for I_< P21 ! 8 on Fig. 2.3-19.

The limiting values of the above ratios when P 21---w and

P52---8, for air (assuming constant specific heat), are

[r1 3.50
-521 pil- -

[ T 52 1] _ 2.29

The variation of these flow parameters with the initial shock wave Mach
number W11 is shown on Fig. 2.4-2, for constant Y (and for an imperfect
gas with vibrational specific heat only included).

The ratio of the incident shock wave velocity Wll to the re-

flected shock wave velocity W2 1 may be determinAd in a similar manner.

The incident wave speed (Eq. (19), Subsec. 2.3.2) is given by

wi 1
al- Wl 0( P21) (0)

The reflected wave speed, if thc gas in state (2) were at rest, would 4
be given by

r . 0 11/2
a 2  152)

From this, the particle velocity u 2Ian must be subtracted to obtain the
"12

absolute velocity 1W211 , which is directed along the negative x-axis.

Thus

2 ,- u 2 .w 2 .a-2 u 2 = W (2)

ja 1 IW211 1 .. 2 a 1  ~21 (2

or

21 + 'VI P52)] 1 = P~a+ P 2 ) -4-n 1;~(a 22 ~i)"1 21 J 1[3 P 21 `; 1 ]

(13)
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Substituting for P5 2 from Eq. (6),

SP21(Tl 1) + 1 or W2 + - 1) P12
W21 = yl[l(Vl P2 1 + 1)]1/21 [(1a + 1) P12 ( 1 ÷ + P12)1, 2

(14)
and

W 21_ P21(- l - 1) + I w21 - 2 + (a, - 1) P12 (15)
W11 7101((I P21 + 7 Wl1 (11 + P 2

For weak shock waves P - and w2 1

21 nd -11

For infinitely strong shock waves P2 1-- e--X and

k -~ (16)

For air with constant specific heat •1 1.4, a• = 6 and J
("21__I (17)Vf llp 2 I___& cc- !7

The reflected Fchock wave has a speed equal to the incident wave when
they are both Mach waves (sound waves). The speed ratio of the re-
flected to incident shock waves then detreases as the incident wave
strength increases until it reaches the value of one third the incident
wave velocity as P 2 1--- b . For the case of Air/Air with E 1,

W 21)= 0.351, which is the minimum value of the wave speed

ratio, and W21 0.351 x 6.16 = 2.16. It is important to realize that
in a plot of W21 versus W11I the curve exhibits a minimum, In the case

of an ideal gas, V1I = 1.40, (W2 1 )min = 0.94 when W,, = 1.39 (see

Fig. 2.4-2). and is due to the nonlinear relation between particle ve-
locities and shock speeds.
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It is ol inttri-,t to note that in case of normal reflection
the ratios P5 2 ' 2' T2 and W 1W remain finite when P2-•ct

These may be comparn-d Nitih the equivalent ratios in Table 2.3-2, for
the incident shock wave.

In the case of variable specific heats, the methods of Sub-
sec. 2.2.2 are applied to the equations of motion with respect to the
reflected shock wave w2% ;S follows..

Let the velocities with respect to the reflected shock wave
( be

v u + w(18)

and with respect to the incident shock wave (W1),

v=u-w 1  (19)

The condition for normai reflection is that the reflected shock must
bring the gas particles to rest,

u5  0 (20)
4

Consequently,

v U+~ w vv 5  u 5  2 2 u2= '2 1

where

v u -w -w v u -W 1

The continuity equation becomes, in nonstationary co-ordinates,

P 5 w2 = p 2 (u 2 + '2) (21)

and in stationary co-ordinates,

P5 5 - P2(v2 - v, + v5) (21a) .

Momentum,

P5+ P 5 w2 p2 + p 2 (u 2 + w2 ) 2  (22)

P5 + p 5 v 5
2  P+ 2 (v 2 - V, + v 5 ) 2 (22a)
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Energy,

1 2 1 2 (23)
2+ h 5 = (u 2 + w2) +2

1 2 +h 25 5 2 (v 2  1v 5 ) + h 2  23a)

Thermally imperfect equation of state,

p = Z p RT (24)

Calorical-ly imperfect equation of state,

T

h = h(p, T) C ( i, T) dT (25)

Equations (21), (22), (23), (24), and (25) and the equation for Z (Sup-

plem,?nt B) are six relations for the solution of the six unknowns p5'

p 5 , T 5, Z5 , h5, and w2' A solution for air without dissociation using

the computation methods of Subsec. 2.2.2 is shown on Fig. 2.4-2. A
solution for air including dissociation anu (,ther status in chcmical
equilibrium is shown in Figs. 2.4-3 to 2.4-8, i•iclusive ýRef. 36a).

Similar plots for Argon, from Ref. 42, are -how'. ..n
Figs. 2.4-9 to 2.4-13, inciusive.

2.4.1.2 Rarefaction Wave Reflection

The rarefaction wave which is formed when the diaphragm is
ruptured travels along the chamber and undergoes normal reflection at
the closed end (see Fig. 2.4-1).

It is shown in Ref. 47. that a steady state (6) is theoreti-
cally still possible behind the rr.flected rarefaction wave if the
initial diaphragm pressure ratio produces a rarefaction wave such that

the speed of the tail of the wave dx : 2a for a diatomic gas anddx C L 4dx

dx • a 4 for a monatomic gas At the limiting value of T after an

infinite time, a total vacuum is produced in state (6) and P 6 = 0. In

practice, owing to the ensuing wave interactions, a uniform high vacuum
state would be very difficult to achieve.

The physical quantities in state (6) behind the reflected
rarefaction wave may be determined from the following considerations.

For a backward facing or Q-rarefaction wave (Subsec. 2.1.4),

2a 3  - 2a 4
u3 + - 1 (4 / (26)

Similarly for a forward facing or P-r;' -efacLion wave,

21 6 741

u6 - u =3 )'4 - ( 27)
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The boundary condition3 are that initially u4 = 0, and finally u6 = 0

behind the reflected rarefaction -ave. Subtraction of the above two
equations yields

4a 3  _ 2
(a4 + a6) (28)

or
a 6 2 -x3a1 (29)
a 4  a

but Y4 1 V4 -1

1/2

Therefore

P = 2 P34 -1 = 2(P 1 4 P 2 1) - (31)

Simiiarly
1/2 0 4

T 2 P 1 (32)

F64f17 34

= 2 P3 4  - 1 (33)

Thus the flow quantities in state (6) may be determined from the Known
pressure ratio (P 3 4 = P14 P21) across the incident rarefaction wave.

Also from Eqs. (26) and (27)

2u3 2 a3 (34)

Substituting Eq. (29) a6

AS M 4 -3I a6 (35)

%4 L•,4 5;4 _-T_ + 6••) s(8
Ma

t48
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or from Eq. (30)

FI- (YO) 4 M3]14
64= + (O ) 4 Ma] (3?)

T64 + (V13)4 M]2 (38)

1

r64 1 (YO)4 M3  
(39)4 M34

It is worth noting that (Subsec. 2.1.4)

P- + 1 )] (40)

From Eq. (31), when

P64 0 , P 3 4  (V) (41)

From Eqs. (40) and (41), .

t a4( (42)
-T 4 -'-r 1 42

For a monatomic gas

a4 = 4 and 4  (43)

For a diatomic gas 2

c= 6 and(t" 2at (44)

tail 4

That is, a diatomic gas needs a greater incident rarefaction wave tail

slope or greater expansion {(1/2) 7} than a monatomic gas {(1/2)5 )to
achieve a hypothetical vacuum in state (6) after an infinitely long
time. For tail slopes greater than the above values, this state is I

I' never achieved.
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In the case of Air/Air, this limiting value may be obtained

when P 3 4 = (1/2) = 0.00781, or from Eq. (12) when M= 5. This occurs

at a diaphragm pressure ratio P41 = 1620 when the shock pressure

p 2 1 1 12.63 for the case Air/Air, ,/= 1.40, at E1 4 = 1. The values of

the flow quantities in state (6) are plotted on Fig. 2.4-14. The di-
niensionless time (t6) of formation of the steady state (6) is given in

Ref. 47 for the case of a monatomic gas in the chamber as

2 P34 1/5 + 2 P 2 /5

X6 =L (2 P 3 4 1/ 5  1)- 3

aod I r "i'atomic gas in the chamber as

SP6  1 3 4
2 / 7 (1 ()/7 2

6 L/
7 

- 1)3 (2 p 3 4  - 1) (S(2 34 34

where L chamber length, and t 6 (time state (6)) forms at the instant

the (i:anhragm is ruptured. For example, case Air/Air, with P4 1 = 10.5

and P 2 1 = 2.90, the tail of the rarefaction wave has a slope

-Six = 0 and = 1. If a 4 = 1130 ft/sec (22°C) and L = 1 ft, then

t = 3.82 millisec; for P 4 1 = 100, P 2 1 = 6.35, t 6 = 71.1 millisec. The

variation of t with P for the combinations He/Air, A/Air, and Air/Air
6 41

is shown on Fig. 2.4-15.

The duration of state (6) will be governed by the reflection
of the refracted rarefaction wave which gives rise to a reflected rare-
faction or shock wave from the contact surface; or, in the case of a
short channel, by the reflected shock wave. Hence the duration must be
determined for a given experiment when state (6) is to be investigated.

The effects of heat addition and gas imperfection arising
from condensation and de-excitation, respectively, should be considered
if they are sizeable.

2.4.2 Head-on Collision of Shock Waves or Rarefaction Waves

One-dimensional wave interactions may be analysed by using
the method of the (p, u)-plane outlined in Subsec. 2.3.1. The result-

ing waves and states are predicted and they may be plotted in the physi-
cal (x, t)-plane.

The head-on collision of two shocks, two rarefaction waves,

and of a shock and a rarefaction wave will be considered below. It can
be noted that the normal reflections treated in Subsec. 2.4.1 are par-
ticular cases of the head-on collision of two shock waves and two rare-
faction waves of equal strength.
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2.4.2.1 Head-on Collision of Two Unequal Shock Waves
This problem is illustrated in Figs. 2.4-16 and 2.4-17.

States (1), (2), and (5), and the two approaching shock waves are given.
The final states and receding shock waves are obtained from the (p, u)-
olane. The contact surface is deduced from physical considerations.
The solution in the (p, u)-plane shows that the pressure ratio of both
receding shock waves, with respect to the initial state, has been in-
creased.

An exact algebraic solution can be obtained by making use of
the shock equations and the fact that across the contact surface

P3 P4 and u 3  u 4

The strength of the two shocks, P45 and P32, is given in terms

of state (1) and the initial shocks P.1 and P5 1 as (Ref. 46)

P45 1 +A P - cB ÷ + P1(2 P45  P15 +

VP1 5(O1 p12 p4 5 + p1 j)

(1)

where
1 -P5 isP12 -1

•1 + C1 P15• + al P12:
1 B- P 1 2l

(2)
and "_

"_/(l P1 2 + I) Pl5("l + P15)

C -TPi2( 1 1 2) 1 (a 15 ÷1

Since P 3 2 = P4 5 * P1 2 "Psl' then for the case of equal

shocks where P P the two roots of Eq. (1) yield the following
15 12'

solutions:

For the positive root

P45 = (2 + - P1 5 )/(1 + a1 P15 ) (3)

This is identical with Subsec. 2.4.1, Eq. (6). It indicates that the
head-on collision of two equal shocks is equivalent to the normal re-
flection from a solid boundary, and no contact surface will be observed
in the flow.
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The negative root of Eq. (1) yields P4 5 P1 5, which applies

to acoustic reflection. Equation (i) may also be applied to the inter-
action of a sound wave with a shock wave.

2.4.2.2 Head-on Collision of Two Unequal Rarefaction Waves

The interaction is illustrated in Figs. 2.4-18 and 2.4-19.
From the (p, u)-plane it may be seen that the pressure in state (3),
after the two rarefaction waves have receded, is the lowest existing
pressure. The problem has been solved in a closed form for a monatomic
and diatomic gas even in the region of penetration using Riemann's
method of integration (Ref. 47). Because the waves are isentropic,
only one thermodynamic state (3) results, which may be computed from
the followtiig. Given the initial state (1) and the strength of the
two colliding rarefaction waves P41 and P 2 1 , then

U3 1 = (I/4 1 1I) (P 4 l 21 (4)

P 31 P 4 1  + p2 1  -1 (5)

If the waves are of equal strength, then P = P and
U3 1  0, resultitig in 4 1  21'

I31 41 (6)

Equation (6) is identical to Subsec. 2.4.1, Eq. (31) for the
normal reflection of a rarefaction wave from a solid boundary.

2.4.2.3 Head-on Collision of a Shock Wave and a Rarefaction Wave

This collision is illustrated ..n Figs. 2.4-20 and 2.4-21.
From the (p, u)-plane it is seen that the particle velocit, in
states (3) and (4) is greater than that in state (5). It is found
that the pressure ratio across the receding shock wave is increased;
that is, it is a stronger shock wave, but with a lower absolute pres-
sure behind it (p 3 < P5 )" Similarly, the rarefaction wave pressure

ratio is increased; that is, it is a weaker wave, but is advancing into
a higher pressure region (P 5 > P 4 ).

It should be noted that because the shock wave is increasing
in strength as i'. penetrates the rarefaction wave, the entropy behind
it is continuously increasing. Consequently, a contact region rather
than a surface separates the receding waves.

The algebraic solution for the interaction is given in
Ref. 48. Given state (1) and the strength of the shock (P 5 1 ) and
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rarefaction wave (P 1 2 ), the strength of the receding shock (P 3 2 ) and

rarefaction wave (P 4 5  P3 2 . P2 1 • P1 5 ) is obtained from

45 32 1 21 *15

P32 = 1 +V/ 1 !32 (D - E [(P 3 2 P1 5 ) - (P12)

(7)

where 1 1

D PC1+1 P5 1 - 1 C11+1
D=P 1 2  + +- P1 2

V _+C P51

E = + -VP 5 4(aI+ p 5 1 )/(1 + a1 P51) (8)

Although Eq. (7) makes it possible to calculate the final states and
wave strengths from the initial conditions, it is not sufficient to give
the path of the curved shock wave. A procedure for doing this is given
in Ref. 48. Equation (7) also provides a means of computing the colli-
sion of an acoustic pulse with a rarefaction wave.

2.4.3 Normal Refraction of a Shock Wave or a Rarefaction Wave at a
Contact Surface

The one-dimensional refraction of shock waves or expansion
waves is pictorially analogous to the same problem in light or acous-
tics. It will be shown that when a finite amplitude pressure wave re-
fracts at a contact surface, the non-linear interaction gives rise to
a transmitted wave, which can have a higher or lower pressure ratio

than the incident wave. The reflected wave may be of the same type as
the incident wave, a Mach wave, or of a kind opposite to the incident
wave. Consequently, it is possible to raise or lower the pressure ratioacross the refracted wave, as well as increase or decrease the particle

velocity by a suitable choice of gas comninations at the contact sur-
face. These properties are useful in the studies of wave attenuation
or amplification, chemical kinetics, and in the design of hypersonic
shock tunnels.

2.4.3.1 Refraction of a Shock Wave at a Contact Surface

This interaction is illustrated in the (p, u)-plane in
Fig. 2.4-22. Three cases are predicted. It is possible to have a re-
flected shock wave, a Mach wave (when states (2), (3), and (4) are co-
incident), or a rarefaction wave after the interaction of the shock
with the contact surface. Which case occurs depends on the shock
strength (P 4 5) and the internal energy ratio (E 1 5 ).

The name interactions appear on Figs. 2.4-23 and 2.4-24, in
the (x, t)-plane for the moving and stationary contact surfaces. The
analysis applies to both contact surfaces since they differ only by a
velocity component. In closed form the interaction for the stationary
contact surface is described by the following equations (Ref. 49).
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For the case of a reflected shock wave,

a1+ P54 P 4 3 h F P 4 3 1 32 '
E1 5  (i P5 4 P4 3 ) 2 [k(1)P43-

where
h = (0 5 P 5 4 + 1)/(a 5 + P 5 4 )

k = -P / 4 tCT5 "54 +1

(2)

E1 5 5 (a1 ÷t P 5 4 )/(" 5 + P 5 4 )

It may be seen from Fig. 2.4-22 that the absolute pressure and the pres-
sure ratio across the transmitted shock wave are increased. In the
limit, as E15'-0,

2 + a5 - P 5 4=4 •(3)P43 1 + C'5 P54

for the positive root, and

P43 P 54 (4)

is the acoustic result for the negative root.

Equation (3) is identical with Eq. (6), Subsec. 2.4.1, and

shows that for very large energy ratios El 5 the contact surface behaves

as if it were a rigid wall and remains stationary. This has an impor-
tant application in generating high temperatures through multiple shock
reflection from the contact surface at the end of a closed channei in a
shock tube. The limit 'of E 1 5 - 0 is, of course, not possible to at-

tain in practice.

The condition for a reflected Mach wave is that across the
contact surface

Sal ~+ P5

Itsa t ice E + (5)

In this case the incident shock strength is unchanged.

The case of a reflected rarefaction wave is given by

- 3 4P 34 + f (P 34 - P5 4 ) ... . g -1 0 (6)

i P 3 4 +P54
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where

5 = [(a + P 5 4 )/(a 5 P 5 4 + 1)11/2

g =(1- P 5 4 ) [ 5/(a 5 P 54 + 1)]1/2
(7)

E15 (' 1 + P5 4 )/(0 5 + P5 4 )

As seen from Fig. 2.4-22, the absolute pressure and the pressure ratio
across the refracted shock wave are both reduced. By using a gas com-
bination across the contact surface such as Air IH 2 or AirIlHe, a con-

siderable attenuation of the shock strength is possible. Conversely,
a combination such as Air[l A or Air [[CO2 will give an amplified shock
strength.

2.4.3.2 Refraction of a Rarefaction Wave at a Contact Surface

When a rarefaction wave refracts at a contact surface, three
wave systems are possible. A rarefaction wave is always transmitted,
but the reflected wave can be a rarefaction wave, a Mach wave, or a
compression wave that steepens into a shock wave. Since weak shock
waves have the same properties as compression waves, the analysis will
assume that the shock wave equations apply for both shock waves and
compression waves. With this assumption, the varying entropy field be-
hind the forming shock front is also neglected and is taken as a con-
stant. The type of wave that is reflected after the interaction de-
pends on the internal energy ratio E1 5 and the strength of the incident

rarefaction wave P 4 5.

Figure 2.4-26 shows the interaction in the (x, t)-plane for
the case of a moving contact surface, and Fig. 2.4-27 for the case of
a stationary contact surface. The analysis applies to both cases and
they differ by a velocity component only.

Consider the stationary case and the algebraic equations for

the case of a reflected rarefaction wave as given by (Ref. 50):

05 0

( 1 1/05) [(P 3 4 P 4 5 ) - 2 (P 4 5 ) 5 +[- (P 34 P4 5 ) 32

E1 5  (31/05) (1 - P4 5 5)/(I - P4 5  (9)

9

95



2.4.3.2 NAVORD Report 1488 (Vol. 6, Sec. 18)

From Fig. 2.4-25, it can be seen that the absolute pressure behind the
refracted rarefaction wave is reduced, or a stronger rarefaction wave
is transmitted. It can be noted that when E15 -40,

(P34 P45) - 2 (P 4 5 ) 5 + 1 = 0 (10)

Equation (10) is identical to Eq. (31), Subsec. 2.4.1, and shows that
when E 1 5 - 0, the transmitted wave behaves as if it were reflected

from a rigid wall, and the contact surface is stationary. The limit
E15 - 0 is physically not attainable.

For a reflected Mach wave, states (2), (3), and (4) are co-
incident and this condition is given by

12

and the rarefaction wave strength is unchanged. The reflected Mach
waves form a fan of parallel lines.

For a reflected compression wave that steepens into a shock
wave, the solution is given by

135 P 3 4 ) +35LI I
1p + (12)

Li E15  [p 4  11

E5 (13)15s 1 ( 0/5) (I - P 45 P45

From Fig. 2.4-25 it can be seen that the absolute pressure behind the
transmitted rarefaction wave has been increased or the wave strength
has been attenuated.

2.4.4 Overtaking of Shock Waves or Rarefaction Waves

The problems of overtaking waves are not only of interest in
themselves but they also affect the operation of conventional shock

tubes and hypersonic shock tunnels. They may also be used to generate
ideal contact surfaces, shock waves, and centred rarefaction waves with-
out being affected by the diaphragm of the shock tube. Such ideal waveelements are sometimes very necessary in the study of the wave transition

properties or wave interactions.
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2.4.4.1 The Overtakini of Two Similarly Facing Shock Waves

The interaction in the (p, u)-plane is shown on Fig. 2.4-28.
It is seen that three cases can take place. A transmitted shock always
occurs. The reflected wave can be a shock wave, a Mach wave, or a rare-
faction wave. It is shown in Ref. 51 that for all real gases (Y v 5/3),"a rarefaction wave is always reflected, whereas for a gas with Y>5/3"a reflected shock is possible.

The algebraic equation for the case of a reflected rarefac-
tion wave (Fig. 2.4-29) for all real gases is given by

01 a1 P4 5 ) /__(15_ +V P45
(a P + 145 3 - 14) (P 5 + of) P 5P4 5 ) (1 P1 P 1 4 4al P3 4

- - a1, P15 +1 ')+ p 1  0  (1)
45 - 1VI + a,4 (F1- P15 34

where

P3 4 = P 1 4 " 21 (2)

It is of interest to note that after the two waves overtake,
the wave diagram in the (x, t)-plane appears just like the one for the
ideal shock tube problem, and the wave elements can be studied as such.
This fact is also borne out by Eq. (2), where P41 is the equivalent
diaphragm pressure ratio. Consequently, the final strength of the trans-
mitted shock wave P2 1 is always less than the combined strengths of the
two overtaking waves P4 1 " However, the particle velocity u 2 = u 3 is
greater than that behind the two shock waves (u 4 ) due to the accelera-
tion across the reflected rarefaction wave.

2.4.4.2 Non-Overtaking of Two Rarefaction Waves

Although the initial conditions can readily be illustrated in
the (x, t)-plane (Fig. 2.4-30), the two waves can never overtake and no
interaction results. The reason may be seen by considering the above
figure. State (2) is common to both P-rarefaction waves and as it is a
uniform region, the head (H) of R2 must travel with the identical ve-
locity as the tail (T) of R1 . Consequently, they cannot overtake.

The problem can be drawn in the (p, u)-plane as shown inFig. 2.4-30. It is seen that in a sense state (2) is merely the con-
dition on any characteristic line which includes (H) of R2 and (T) of
RI, and the two waves can be joined to form one single rarefaction wave
of pressure ratio P3 1 = P3 2 " P 2 1. That is, state (3) on the left is
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connected to state (1) on the right by the same rarefaction wave locus,
and state (2) can be considered as just another Mach line in the rare-
faction wave fan. Consequently, there is no interaction between the
two waves.

2.4.4.3 Overtaking of a Shock Wave b a Rarefaction Wave

This interaction is shown in the (., u)-plane (Fig. 2.4-31)
for the case of a weak overtaking rarefaction wave. It is seen that
three wave systems are possible. A weakened or decayed transmitted
shock wave always occurs (P 2 1 < P51). However, a reflected rarefaction
wave, Mach wave, or compression wave steepening into a shock wave can
result.

As the shock wave decays, its strength decreases and the en-
tropy change across it diminishes. This gives rise to a variable en-
tropy field in the form of a contact region rather than a contact surface
(Fig. 2.4-32), which moves to the right.

If the overtaking rarefaction wave is strcng, it will decay
the shock to an extent that finally it becomes one of the Mach lines of
the rarefaction wave fan. Consequently, the wave system can consist ofa transmitted rarefaction wav, and either a reflected rarefaction wave,
Mach wave, or compression wave .,eepening into a shock wave.

The three possible wave systems are shown in Figs. 2.4-33 and
2.4-34. The contact surface in these cases move5 to the left. It is
also possible to have a transmitted Mach wave as well as a transmitted
and a reflected Mach wave occurring simultaneously as limiLing cnses.

A method for computing this type of interaction is outlined
in Ref. 1. in the case where uniform states result aftei' the inter-
action, it is possible to obtain an algebraic solution in closed form
as for the other interactions given above. Such solutions are given
in Ref. 51a.

2.4.4.4 Overtaking of a Rarefaction Wave a Shock Wave

In this core as well, the wave system is determined by the
strength of the overtaking shock wave. For a weak shock, Fig. 2.4-35
shows that a transmitted rarefaction wave always occurs. However, the
reflected wave can be a rarefaction wave, a Mach wave, or a compression
wave steepening into a shock wave. From Fig. 2.4-36, it is seen that
the overtaking shock is decayed until it becomes one of the Mach lines
in the rarefaction wave fan. The decaying shock gives rise to a vari-
able entropy field in the form of a contact region moving to the left.

If the pursuing P-shock wave is very strong, it goes right
through the P-rarefaction wave (Fig. 2.4-37). It comes out weaker
(P 2 1 < P4 5). However, the reflected wave is turned into a Q-wave and

it can be either a rarefaction wave, a Mach wave, or compression wave
which steepens into a shock wave. The interaction is also shown in the
(x, t)-plane on Fig. 2.4-38. It has been shown in Ref. la that only
reflected compression waves steepening into shock waves are possible
for all physical gases (1 Y i 5/3). Algebraic solutions in closed
form can also be obtained for the above cases. For further details see
Ref. 51b.
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2.4.5 Application of One-Dimensional Wave Interactions to a Shock
Tube of Finite Lenjth

The previous results are very useful for the determination of
optimum chamber and channel lengths that may be required for aerodynamic
testing in a shock tube of constant cross section or in a hypersonic
shock tunnel, and for chemical kinetics and wave interaction problems.

For example consider the wave system in a shock tube of
finite length in the (x, t) or the nondimensional (X,X)-plane
Fig. 2.4-39). The relations that determine the points (X3 , t 3 ),
Xc, 'c) and (X, T ) are developed in detail in Ref. 52.

P 344) P
3= ( 4 - 1 - 4 P34  3 4  (1)Si t34a40424

P 2 (2)
3 P34

Xc 2 (o,4 - 1) (1 - P 3 4 4) P 4  2 (3)

rc 2 IC 3 (4)

Xs =Wl A1 It (5)

2 A 21 T 3rs - (6)
U2 1  A2 1 -(6

The relations for A1 4 , A2 1 , Wll, and U2 1 are given by
Eqs. (10), (18), (19), and (20), Subsec. 2.3.2.

Equations (1) to (6) are plotted in Figs. 2.4-40 to 2.4-43

for different gas combinations against the diaphragm pressure ratio
P41 for the same chamber and channel temperature (T 1 4 = 1).

It is interesting to note that the position where the head
of the reflected rarefaction wave will overtake the shock wave has a
minimum value at a low diaphragm pressure ratio, which in the case of
Air/Air, P 4 1 - 4; and for He/Air, P 4 1 '" 5. For a chamber length of

one foot, the minimum channel length occurs for Air/Air at about 15 ft,
and for He/Air at 4 ft. For diaphragm pressure ratios appruaching one
or infinity, the overtaking process theoretically takes place at an in-
finite distance. If shock wave studies are conducted at the lower dia-
phragm pressure ratios, they should be made before the overtaking
process takes place in ordar to prevent shock wave decay. This isespecially important for gas combinations such as He/Air or H2 /Air.

It may be seen from Fig. 2.4-44 that the maximum flow dura-
tion AT3 for the uniform state (3) occurs at X for all diaphragm pres-
sure ratios P4 1 for which M3  1. If M3 < 1, then the maximum occurs

at X = 0. Similarly the maximum AX2 for region (2) occurs at Xc.
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These values may be obtaiaed from the above figures. If aerodynamic
testing is to be done in regions (3) or (2), then the maximum testing
time for a set of initial conditions is obtained by placing the modei
at X3 and XC, respectively. In order to eliminate the possibility of

the reflected shock wave decreasing the maximum flow duration A 2 for

region (2), the channel should be of a length (X 5 ) such that the re-

flected shock wave meets the head of the reflected rarefaction wave at
the contact surface, i.e., the point (Xc, 'c). The length X5 may be
determined as follows. The dimensionless time 'C it takes for the

c
shock wave to hit the end of the tube, reflect, and interact with the
contact surface follows at once from geometrical considerations:

X 5 X 5 - XcIc =- + W A(7)
11 A1 4  W2 1 14

Solving for X5 , one obtains the required channel length,

c A14 + Xc/W2 1

5 1/W11 + l/W 2 1  (

where Wll and W2 1 are the absolute magnitudes of the incident and re-

flected shock speeds as given by Eq. (19), Subsec. 2.3.2 and Eq. (14),
Subsec. 2.4.1. Again, T. is given by Eq. (4).

In order to avoid excessive channel lengths when region (3)
is under investigation, it is sufficient to use a length X• such that

the reflected shock wave strikes the contact surface when the head of
the reflected rarefaction wave overtakes the tail of the incident wave,
i.e., the time T 3 ' This practical simplication eliminates the neces-

sity of solving the complex shock-contact surface interaction. Since
from Eq. (4) Tc = 2 ' therefore

2= ½ X5  (9)

The variation of X with the diaphragm pressure ratio P4 1 is
5 4

plotted on Fig. 2.4-45. It is seen that X5 is only slightly greater

than Xc for the higher diaphragm pressure ratios (Figs. 2.4-40 to

2.4-43) because the reflected shock speed W21 decreases as P4 1 in-

creases. If the channel length is increased beyond that required for
maximum AT and AT2 , then these values are unaffected; if they are de--

creased, the testing time is reduced by the wave interactions.
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Another useful method of calculating AT 2 directly in micro-

seconds for strong shock waves in air (as a perfect or imperfect gas)
in the form of nomograph, is shown in Fig. 2.4-46 (Ref. 53). It should
be noted that in practice the testing time is reduced due to imperfect
gas effects as well as viscous effects. The boundary layer attenuates
the shock wave, and the contact front spreads and accelerates so that
the test time interval is reduced. Since the test time, in seconds,
per foot of channel is given by

At 2 1. 1 (10)
2 2  w1  u2 1 r2, w 2, TT

then, at the higher shock strengths when r1 for an imperfect gas can

readily be twice the perfect gas value, the flow duration is halved
due to real gas effects alone. The viscous effects noted above can in
addition reduce the flow time by half again at higher shock strengths.
Consequently, the expected flow duration might be about a quarter of
the perfect gas value, or less.

p
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SUPPLEMENT A

Equation of State for Thermally Imperfect Gases

Thermally imperfect gases do not follow the relation between
p, p, and T as stated in Eq. (5) of Subsec. 2.1.1, except at very low
density (large specific volumes)* Many equations of state, some em-
pirical, others based on molecular properties, have been proposed for
imperfect gases. Van der Waals' equation is typical and is given by

p + a- v -b =RT

(A-i)

o r P P T i I

where

a 27 a c c c
RT 2 7 c' by, PV

b. cvc

All real (imperfect) gases can be liquifiled. The highest temperature
at which this occurs is known as the critical temperature Tc; the cor-
responding critical pressure and density are given by p and p* These

critical quantities are characteristic of the gas and depend on inter-
malecular forces. It is seen that when p is very small (or v is very
large) then Eq. (A-i) reduces to Eq. (5) of Subsec. 2.1.1 for a ther-
mally perfect gas. It should be noted that equations for a real gas of
the type given in Eq. (A-i) can be written in terms of a "compressi-
bility" factor Z as (Ref. 4)

pv : (p, T) (A-2)
RT

where Z = 1 + 6 and 6 is a small quantity, usually.

The deviation 6 is due to intermolecular forcec at low tem-
perature and high pressure, under which conditions the van der Waals
forces are important. At sufficiently high temperature and low pres-
sure the van der Waals forces are usually unimportant, but dissociation
and ionization processes may take place in the gas. As a result of dis-
sociation, for example, the number of particles per unit volume increases.
If the mixture of undtssociated and dissociatea particles is assumed to
be a mixture of two thermally perfect gases, then Dalton's law of partial
pressures applies, and it is easily shown that

pv + a = Z (A-3)
RT
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where a is the degree of dissociation or the fraction of the original
number of particles which are dissociated. If ionization takes place
at still higher temperatures, then for a single diatomic gas, for ex-
ample,

Pv = (1 a) (1 + x) = Z (A-4)RT

where x is the degree of ionization. It will be noted from Eqs. (A-3)
and (A-4) that the dissociated or ionized mixture itself does not be-
have as a thermally perfect gas even though the component gases of the
mixture are assumed thermally perfect.

If the heat required to dissociate a unit mass of gas at con-
stant p and T is given by 1 d, the ratio 1 d/R = 0d has the dimensions of

temperature and may be termed a characteristic temperature for dissocia-
tion. For example, mld = 118,000 cal/mole for ( (Ref. 5) and

Sd = 118,000/2 ý 59,000°K for 02 (see Fig. 2.2-6a). The heat of dis-

sociation Id is a function of T. However, its variation with T can
often be neglected. It should be noted that Id is related to inter-

atomic forces that hold the atoms together in a molecule, whereas the
latent heat of vaporization 1 is related to the forces that hold the

molecules together (van der Waals forces). Consequently, Cv <ld and,

as stated above, van der Waals forces are usually unimportant at tem-peratures giving dissociation effects (for 02, mlv = 1640 cal/mole at

900K, whereas mld - 118,000 cal/mole). As for dissociation, a charac-

teristic tempeiature 0i = 1 /R may be defined for ionization, where I.
is the heat required to ionize a unit mass of gas. For atomic oxygen,
fcr Example, mli = 284,000 cal/mol- for single ionization, i.e., removal

of one electron from the outer shell, and 0i 316,000/2 = 158,000'K
(see Table 2.1-1).
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SUPPLEMENT B

Gas Imperfections at Low Pressures and High Temperatures

It was stated in Subsec. 2.1.1 that a perfect gas (thermally
and calorically perfect) obeys the thermal equation of state p v = RT
and has constant specific heats Cv and Cp . It was also noted that in

gas dynamics, high-pressure low-temperature flows, where van der Waals
intermolecular forces exist, are seldom encountered. Consequently,
this Supplement will consider caloric and thermal imperfections result-
ing from high temperature effects only, i.e., from molecular vibration,
dissociation, ionization, and electronic excitation.

Consider first a monatomic gas like helium at a temperature
such that the internal energy consists of translational energy only.
Each atom has three degrees of freedom, i.e., the three co-ordinates
defining its position in physical space (Fig. 2.1-3). According to the
classical law of equipartition of energy, each degree of freedom will
contribute on the average an amount 1/2 kT to the total kinetic energy,
where k is Boltzmann's constant and T is the absolute temperature. Thus
the internal energy per unit mass will be

-I_

3NkT Te = _m -2RT -

where N is Avogadro's number, m is the molecular weight, and R is the
gas constant per unit molecular weight. The heat capacity per unit mass
at constant volume is then

CI C F= -- R

and C C +RwR
p C

C 3
5

with Y 5 ••
Cv 

__

If helium is now heated (the same result applies if work in
the form of adiabatic compression is done on the gas) at constant volume,
the gas temperature increases (AT = AQ/Cv) and the kinetic energy of the

atoms xncreases. The atomic collisions add quanta of energy to the elec-
trons and increase their energy. The electrons move from their ground
state to outer orbits and the atom is now electronically excited. When
the electrons fall to their original stable orbit or minimum energy
level in a single-step transition or in a multi-step transition, they
return their acquired quanta of energy by emitting photons of radiation
whose frequencies will depend on the energy acquired during a collision
and int the manner the transition to the ground state is made. If more
heat is added, the kinetic energy of atoms becomes sufficiently large
to knock out an electron from an atomic orbit. The gas is said to be
ionized, and consists of a gaseous mixture (plasma) of neutral atoms,
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ionized atoms, and electrons. Atom-atom collisions are not very effec-
tive in producing ionization (Ref. 10). Once enough free electrons are
generated, they complete the ionization process very efficiently since
they are light, small, travel at high velocity, and provide a long
enough collision contact. During this process millions of atoms are
involved and many electrons are recaptured, and the electrons transit
to the g.round state radiating at every conceivable frequency.

If the energy required to ionize an atom is V electron volts

(ev), the ionization potential of that atom is said to be V volts. In

the case of helium. Vi = 24.58 volts. This is the highest known ioniza-

tion potential, and helium is the most difficult gas to ionize. The
velocity ve that an electron of mass me must acquire to produce ioniza-

tion of helium is found from 1/2 me Ve 2 = 24.58 ev = 24.58 x 1.60 x 10-19

joules. The electron mass m = 9.1 x 10-31 k gm giving v = 2.94 x 106

meterv/sec. The rare earths by comparison to helium are much easier to
ionize. For example, the ionization potential of Na is Vi = 5.14 volts,

6iand ve = 1.3 x 10 meters/sec.

If sufficient heat is added, then more than one electron can
be removed by collision (second degree ionization). Entire electron
shells can be stripped, and the gas can become fully ionized (Ref. 10a).
Ionized atoms emit their own particular spectra.

From the above, it is seen that the contributions to the in-ternal energy of an atomic gas come from the following sources:

1. Kinetic energy of atom translation (et) X

2. Energy of electronic excitation (ee)

3. Energy of ionization (e 1 )

For a polyatomic gas the contributions to the internal energy
come from the following sources:

1. Kinetic energy of molecular translation (et)

2. Kinetic energy of molecular rotation (er)

3. Energy of molecular vibration (ev)

4. Energy of molecula. dissociation (ed)

5. Energy of electronic excitation (Ce)

G. Energy of ionization (ei)

Therefore, in the general case,

e e + er + ev + ed + e +e (B-I)
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The above energy contributions arise in the following manner:

A molecule that consists of n atoms will require 3n co-ordin-
ates to describe its state. A linear molecule like H2 or CO2 (Fig. 2.1-3)

has 3 translational degrees of freedom which are described by co-ordin-
ates x, y, z of its mass centre. It can also rotate about 2 axes
(x , y ), and these modes of motion are described by 0 and 0. Conse-

quently, a linear type molecule has (3n - 5) addit'onal degrees or energy
sinks, i.e., H2 has 1 and CO 2 has 4, as shown on Fig. 2.1-3. The energy

sinks help to reduce the gas temperature. For example, with a given heat
addton R.Cneunty ieisrdcdbaddition AQ, for translation AT = AQ/3 R and for rotation and trans-

lation AT = AQ/ 5 R. Consequently, the temperature rise is reduced by

a factor of 3/5 with rotation. A nonlinear polyatonic molecule possesses
3 degrees of rotation and consequently has (3n - 6) vibrational degrees
(for example, SF 6 has 15 modes).

The rotational degrees are fully excited even at low tempera-
tures and contribute 1/2 R each to Cv. The vibrational modes are due to

the oscillations of the atoms of the molecule about their equilibrium
position arising from the forces of attraction (valence forces) and re-
pulsion (matter resists penetration). The vibrating molecule may be
treated approximately as a quantum mechanical harmonic oscillator. That
is, the vibrating atoms are assumed to obey Hooke's law and the atomic
forces to vary linearly with distance. In the limit at very high tem-
peratures, the kinetic and potential energy terms each contribute
1/2 R + 1/2 R = R per mode to C., which is the classical value for a
particle executing simple harmonic motion. However, at high tempera-
tures the oscillations are no longer small, and the motion is anharmonic.

The quantum harmonic oscillator energy per mode ev is given by
(Ref. 11). v

ev' =RT Z (B-2)

-15eZv sec

wSne C 1.4381whee =k-T T

Swave number, or waves/cm

S= wave length in cm

h= P]itnck's constant (4.135 x 10-1 ev sec)

k = Boltzmann's constant (86.1 x 10- av/deg)

(Since C =V A, therefore Z = 4-3 x 01 xII 1.438 •.

86.1 x 10- T

It is seen that in the limit as T--.O, e--.-.O and as T--o, e,-.
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The vibrational constant-volume specific heat per mode is

" "- - (e' or Ci Re (B-4)vib 9T vib or b ez

hV -v = L i c ar cQuite often Z = i= is expressed as Z =- where iv k

teristic vibrational temperature. Consequently,

2 ev/T

! /v" e

C vib =R(T 8 J(e/T -\I(B-5)

The above equation is shown in Fig. 2.1-4 for oxygen (V = 1570 waves/cm
and Qv = 2260*K).

All the vibrational modes will make their own contribution to
3U-62

Clb. In general, Crib = R21 eZ Z 2 (B-6)

For example, SF 6 has the following 15 modes: 1 x P at 775 cm
2 x V at 664 cm-I 3 x V3 at 960 cm-1 3 x V4 at 615 cm-1 3 x V5 at

524 cm 1 , and 3 x at 363 cm-i. At 30.0JC or 303.16'K, the respec-

tive contributions are as follows: Cvib/R = 0.360 + 0.968 + 0.705

+ 1.542 + 1.836 + 2.356 = 7.769. As expected from Eq. (B-6) the largest
contributions come from the low frequencies. Therefore SF 6 at 30.00'C

v + t 3 R + 2 R + 7.769R, or C = 21.398 cal/gmhasaCv C r + 2C Cv v
mole, C 23.385 cal/gm mole, and Y= 1.093.P

If the molecules are heated still further, when an atom

reaches the highest quantum vibrational energy level, the molecular
binding forces are overcome and the molecule dissociates into atoms.
Therefore, at high temperatures a dissociational heat capacity exists.

Consider the case of a diatomic molecule like 02. The dis-
sociation equation is given by 20 O2. If the degree or per cent

=0 aT
dissociation is a, then pv = (1 + a), wheredt is the universal gas

constant, and m - the molecular weight. If K(T) is the equilibrium
constan .- ,- di iation (dimensions of pressure) derived from the law
of m". actio- nef. 3), then

K(T) 42-B 7
p a2

or
p + K (B

ao=f 7p (B-7a)
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That is, o increases with decreasing pressure and increasing tempera-
ture. It is highly temperature dependent. A plot of a against T/Od

from Ref. 3 is shown on Fig. 2.1-5a, where 0 d is the characteristic

temperature for dissociation. It was noted in Supplement A that for
02, mld = 118,000 cal/mole, or 0 d = ld/R = 59,000 K. This reduced or

normalized plot makes it possible to use a single graph (approximately)
for all diatomic gases (see Eq. (B-12)).

At higher temperatures electronic excitation and ionization
set in, giving rise to the specific heat contributions Ce and Ci. For

example, for the hydrogen atom in the g ound state, an electron re-
volves at an orbit whose radius ro 0.5A. It requires an energy of

10.20 ev to move the electron to the next energy level or first ex-
cited state. To remove the electron completely an energy of 13.58 ev
is required. To dissociate a hydrogen molecule it requires 4.477 ev
and to ionize it 15.42 ev (Ref. 5). Consequently, the contributions by
electronic excitations to the molecular specific heat is negligible be-
cause dissociation will sat in first. However, such contributions to
the atomic specific heat are not insignificant (Ref. 12).

In general, the separation between the lowest state and the
first excited state is 2 to 10 ev for electronic energies, 0.2 to 2 ev

fur vibrational energies, and about 10-5 to 10-3ev for rotational ener-
gies. An electronic transition will therefore also generate entire
series of vibrational and rotational bands and spectral lines.

The specific heats of dissociation and ionization can be de-
termined by very similar methods. Consider the case ol a monatomic gas

like argon. The single ionization reaction is given by A A+ + elec-
tron. If K is the equilibrium constant for single ionization and x thedegree or fraction of the gas that is ionized, then (Ref. 3)

p 4 T(1 + x) (B-8) 1

and
2

o p x (B-9)P 1-x• 2

or

x , = 6 = (B-9a)

A plot of x with T/Oi is shown in. Fig. 2.1-5b. It is seen that in this

case the normalized plot does not apply to all gases. Hydrogen is an
exception, but helium and argon agrae very well. The reason is given
later on (Eq. B-12).

It is shown in Refs. 11 and 12 that in general for the reac-

tion A + B•AB, that is, 20 O2 + 1 d or A+ + e A + li, the

equilibrium constant K is given by A
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V 0 _(2 3/2 M3/2 T3/2 e-l/kT PA PSB* * T .. . (B-10)

where

O (1 + r)k (for dissociation)

N0

O (1 + x)k T (for ionization)

0

KAB _ 4d (for dissociation)

1 - X
KA= •1-x(for ionization) j

mA "mB N

m + , Vo -particles/cc

4 mA 1
= = atomic mass, in the case of a diatomic molecule (mass of

hydrogen atom = 1.673 x 10-24 gm)

in me = electron mass, in the case of ionization m'ion >me

(me = 9. 1066 x 10o
2 8 gn

1 = heat of dissociation (Id) or ionization (Ii)

p pressure in dynes/cm2 (1 atm = 1.0132 x 106 dynes/cm2 )

T temperature in OK|

h = Planck's constant = 6.624 x 10-27 erg sec (4.135 x 10- ev sec)

k = BoltzmInnts constant = 1.3805 x 10- 1 6 erg/°K (8.616 x 10-5 ev/ 0 K)

PAB' PA' PB are the partition functions or statistical weights of the

molecule and atoms in the case of dissociation, and of the atom (a),
ion (i), and electron (e) in the case of ionization.

The partition functions are highly temperature dependent and
mildly density dependent for dissociation equilibrium (Ref. 12). They
are sometimes assumed as constant for the case of ionization by neglect-
ing higher excited electronic levels, and such values for typical ele-
ments are given in Table 2.1-1. At high temperatures or low densities, j
the more accurate values should be used to avoid significant errors.
(The error is generally small for x Q0.25; see Ref. 13a for a discussion.)
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Equation (8-10) may be rearranged for the case of dissocia-

tion of a diatomic gas, using Eq. (B-7), as

OJ/T -1/2
[t=A( p, T) +e d +

wler e ((B-11)

4h 3  PABA(p, T) 3/" PA P

(2T ma k 5 / 2

It is worth noting that a may be plotted against the reduced or norma-
lized temperature T/Wd. For a given value of T/Od, the temperature T

will vary with the gas ed. If for tmo or more different gases the ratio

A(p, T)/T5/& remains constant, then a normalized plot of (Y versus T/Od
for varying p will produce a set of curves that are identical for each
p (this is approximately true for diatomic gases as shown in Fig. 2.1-5a).

Similarly, for the case of ionization,

0/ ]-1/2 .

x [A(p, T) • e i + 1]/ (B-12)

where

A(p, T) - h3 _a _
( 2 r me) k 2 "Pi Pe e

Equation (B-12) is also known as Saha's equation (Ref. 13). Some typi-
cal values for li, P, and x are listed in Table 2.1-1. If x is very

small, then Eq. (B-12) may be written by neglecting unity in the bracket
as

T5/ -O /2T
%- e / (B-12a)

The previous remarks regarding a universal set of curves for monatomic

gases on a plot of x against T/e0 for various p apply to helium and1T5/2 • •
argon but not to hydrogen, where A(p, T)/T varies considerably from
the others. If p is in atmospheres and 1I is ia volts, then from
Eq. (B-12)

= [3.04 x 1 + I (B-12b)
P Pe
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Pa

For the case of argon a t V 15.76 volts, and
-1/2

[2.54 x 10 - e"83 x 105/T + 1] (B-12c)
T

In order to illustrate how the specific heats are determined
with the aid of the above equations, consider the case of single ioniza-
tion. A relation derived from the First Law of thermodynamics and the
condition of isentropic flow is given by

Cv (ýf dpv dv 0 (B-13)

Since

R(l + x)

( OT)v T+ OPT/U+~ T 2 p]
aT~~ T/ + Txx)

From Eq. (B-13), and a2 = •pv, by definition,
k4Ps

Cv ~~p/\O~v O

and
' * C

c (B-14a)
Cv T_+1 OP:T

From Eq. (B-12), if the partition functions are assumed as constant,
then

r e-1/2

x = + I7(B-14b)

where A = constant.

Consequently,
2

12 I x(1 x

! 1121
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and
2 (B-15)

C v ' + x - x2

Equation (B-15) shows that the isentropic index or exponent j of an
ionized gas depends on the degree of ionization. It is equal to the
specific heat ratio only when x = 0 or x = 1. When x-...l, Eq. (B-15)
is no longer correct as the higher electronically excited states have
been omitted. A discussion of this particular point is given in
Ref. 13a with numerical examples.

The internal energy per unit mass of ionized gas is given by

e = 3 (1 + x) RT + lIx (B-16)

Similarly, the enthalpy per unit mass is given by

pv uj (1 + x) RT + lix (B-17)

The specific heats are defined by

Cv = = R(I +x) (x) ) ( + (B-iS

h = ( R(1 + x) + &- ( + pB-19
p t9 TP

For x x(p, T) and p = v (I + x), it can be shown that

( /-T taxp + DO•T

a T + (B-20)

Assuming Eq. (B-14b)

&T +

and

-x (B-22)
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Substitution of Eqs. (B-21) and (B-22) into Eq. (B-20) gives

12 T(I - X) I (B-20a)

Further substitution into Eqs. (B-18) and(B-19) gives

-v 3 R(1 + X) + Rx (I X) 3 + (B-23)
1 (1 X2) 15 ir\

Cp = 5 (I + x) + Rx 2 - 5 + el (B-24)

ei•3
For f->>y and x«<1 the specific heat per unit mass at constant volume

may be written as

Cv R +~ I~ ix + 1Z(!T) X (B-23a)

The first term is a contribution arising from the translational energy
of the nonionized gas. The second term is the contribution to the
translational energy of the additional particles formed by ionization.
The last term is essentially due to the addition of the heat of ioniza-
tion.

Although Eqs. (B-23) and (B-24) apply only for small ioniza-
tion, i.e.. at low temperature and not too low densities, they indicate
qualitatively how the specific heats vary with temperature. The contri-
bution to C or Cv from ionization is initially zero at sufficiently low

p==
temperature (x - 0), increases with increasing temperature (increasing x)

to a maximum which can be much larger than 3 R, and then decreases asymp-

totically to R for very high temperature (x-.-l). Correspondingly,

Sis initially -T for x = 0, decreases to a minimum as x increases, and

then increases towards as x- l.

Similar considerations for dissociation show thqt for a di-
atomic gas

v + a - a (-S

However, owing to rotation and vibration, Cv and C become more complex;for example, v P

C 3 ( + a) + ( 1- )+ e½ z Z(Y I 2-1
+ _d:~A~ + 1 ~~} (B-26)
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F d 1 Z the last term of Eq. (B-26) may be written as

-ez

"d- (!d- ) (B-27)
IF 2 T

A plot of Eq. (B-27) for 02 is shown on Fig. 2.1-6, and:•.

typical values of K, a, and C• are given in Table 2.1-2. Similarly,

the contribution Ci of the ionization terms of Eq. (B-23) involving

x for atomic hydrogen is shown in Fir. 2.1-7 (Ref. 15) . t can be
seen that Ci behaves somewhat like Cd (Fig. 2.1-6). At T 10, 000*K,

the C. contribution is nearly the same as for the nonionized gas I
(5.57 x 103 erg/cm3 deg). The value of C rises with T until at

20, 000K it achieves a maximum of about 100 times the nonionized value.
It then falls steadily to the nonionized value with increasing tempera-
tures as the gas approaches complete single ionization. An extensive
treatment of specific heats may be found in Ref. 16 and additional
data on dissociation phenomena in Ref. 17. An excellent summary is
given in Ref. 12.

Although the above contributions to the internal energy of the
gas were treated for clarity as separate processes, it should be noted I
that they vary continuously with temperature and may be present together
in varying degrees. At the higher temperatures, dissociation, electronic
excitation, and ionization become increasingly dominant. In the case of
a gas mixture like air, these processes occur at different temperacures,
depending on the gas constituent, and the possibility of chemical reac-
tions of the various components is present. For example, in air at Mach

numbers between 12 and 20 one can expect to find NO, NO2 N2 0, NO+, 02,

0, N, 0, 0 N , and electrons as gas components behind normal shock
waves (Refs. 18 and 35).

11 I
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SUPPLEMENT C

Relaxation Effects in Gases

If ',eat is slowly added or removed from a container
(Fig. 2.'--8a, graphs (a) and (c)) the equipartition of energy takes
place without disturbance (that is, the molecules are able to adjust
in a reversible manner) by means of molecular collisions, as was noted
in Supplement B. The number of collisions required to achieve equilib-
rium differs for each degree of freedom. It requires only a few col-
lisions to achieve translational (1 or 2) and rotational (2 to 6) equi-
librium, but many orders of magnitude more for other degrees. However,
if heat is added or removdd so rapidly that only the translational de-
grees can come into equilibrium (Fig. 2.1-8a, graphs (b) and (d)), the
gas is disturbed, and it takes some time for the other degrees of free-
dom to catch up and attain their portion of energy by collision. The
time it takes to reach equilibrium for a particular degree of freedom
is known as the relaxation time r . The approach to equilibrium of any
degree of fr'eedom is nearly exponential, or the final state is reached
without oscillation when subject to a step change.

Under these simplifying assumptions, it can be shown (Refs. 11,
14, and 19) that the rate of decrease with time of the translational
temperature T in Fig. 2.1-8b behind the shock wave is proportional to
the deviation from the final equilibrium value T*. That is,

dt a is

The solution of Eq. (C-1) is

T =T + (T 2 - TI) e- t/ (C-2)p2
when t = 0, T = T2

t =,T = TJ + (T2 - T)

The transition curves for pressure, density, and flow velocity exhibit a
similar exponential approach to equilibrium (Ref. 14) for every internal
degree of freedom.

The rapid disturbance followed by relaxation causes an irre-
versible adjustme4nt, lnd such transfer of energy shows up as an increase
in the entropy of tht" gas. The entropy change depends on the magnitude
of the disturbance (which can be characterized by the pressure ratio
and other thermodynamic quantities across a shock wave, for example)

and the total nui ber of collisions required to bring the gas to the new
equilibrium molecular velocity distribution. The transfer of energy
therefore depends on the number of collisions which a molecule under-
goes. At a given temperature the number of collisions per unit time
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varies directly as the gas pressure, and the relaxation time T there-
fore varies inversely as the pressure. The above may be stated roughly
as (Ref. 12)

r = z Tc (C-3)

where Z' = pure number that measures the number of collisions required

to achieve (1 - -) of the equilibrium conditions and is in-

dependent of density.

TC = time between collisions and depends strongly on density.
(T c 1-2 x 10-10 sec at N T P, or 5 x 109 collisions/mole-

,:ule/sec; Z c ^j /a or T c e I /p Vr)

At a given temperature the time between collisions will decrease at
higher density as there are more molecules present, If the temperature
is now raised the molecular speed is also increased ind the collision
time is decreased.

The exchange between rotation and translation is very effi-
cient and under standard conditions only a few collisions are required,

so that Z rpý 2 to 6 and-r r-' 10-9 sec. Hydrogen is an exception, with

Zr " 180 and Tr 4 x 10-8 sec. The values of Zv and TV for vibrational

equilibrium given in Table 2.1-3 are taken from Ref. 14. It is seen
that there is a very wide range in Zv or Xr, and heavy gases have small

vibrational relaxation times. Some impurities, like water, are very ef-
fective in reducing the number of collisions Zv by many orders of magni-tude (Ref. 19).

An increase in the temperature and densities of the gas
(e.g., behind the normal shock wave) reduces -c and T. It can be
shown that for temperatures less than 1000*K (Refs. 20 and 21)

1/3
in = Y -() + constant (C-4)

where c = characteristic energy. A plot of InT versus T shows
good agreement for N2 and 02 but only fair agreement for CO2 (Ref. 21).
Vibrational and dissociational relaxation times measured in a shock
tube (Refs. 18 and 21) are given in Table 2.1-4 and Fig. 2.1-8b.

Quite often it is of interest to know the distance or path
length over which the relaxation process extends over a body or a model
in order to determine the validity of exact simulation of flow proper-
ties. This length is known as the relaxation distance L or path length.
In terms of L, Eqs. (C-I) and (C-2) may be rewritten as

dT - (T - Tj) (C-la)
TX_ L

T =T + (T2 - Tj) e-x/L (C-2a)
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For example, if a body is travelling at M = 10 or 10,000 ft/see and the

relaxation times are ofthe crder of 10-, 10-, and 10 sec, then the

relaxation distance L Is of the order of 10-3, 101, and 10 ft. An
actual computation is given in Ref. 18 and is listed in Table 2.1-5.
Recent experimental data from interferometric measurements in a shock
tube are given in Refs. 21a and 54.

From the above considerations it can be concluded that the
entropy change across a shock wave will be increased as each new de-
gree of freedom such as vibration, dissociation, or ionization becomes
excited since more molecul.r collisions are required to bring the ve-
locity distribution of the unshocked molecules up to that found behind
the shock front. The magnitude of the entropy change will increase

with the intensity of the shock wave.

Equation (C-1) also applies to chemically reactive flows
(such as with dissociation or recombination) and results in a chemical
relaxation time K given by

dA _ -1
d K (x - X (C-lb)

T K e

where x = instantaneous concentration (or energy of excitation of ex-
ternal or internal degrees as in Eq. (C-1) and x = equilibrium value

e
of x. Denote the time for a gas particle to flow a characteristic dis-
tance (e.g., model length) bYZF. Then, if

F << K (C-5)

the flow is said to be frozen. The flow time of the gas particle about
the model is too short for any chemical reaction to occur. The flow is
said to be in equilibrium when

<< (C-6)K F

For a diatomic gas like oxygen, for example, the chemical relaxation
time at the same pressure and shock Mach number can be orders of magni-

tude greater than the vibrational relaxation time (Ref. 21a).
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SUPPLEMENT D

An Alternative Development of Shock-Wave Equations

f or Real Gases

Subsection 2.2.2 presents a development of the shock-wave
equations. Another approach used to determine the properties behind
normal shock waves is given, in Ref,- 11. The equations of motion
(Subsec. 2.2.1) are rewritten as

pv =p 1 v I m (D-1)

P M (D-la)

P +mv P, + my1  mV (D-2)

p =M (V - v) (D-2a)

V 1+ VI(D-2b)
PI v1

V/al1  (1 + V1 Ms 2A/ M S (D-2c)

= (V - v) v (D-3)
p

p + 1 2 Pi1 + 12 =~ 1D-2

c 2 =v 2 + 2,0 p1  (D-4a)

where

ac -i~i a - a (-5)

ao = stagnation sound speed

a = sound speed where locally M 1

/3= enthalpy parameter (enthalpy divided by P X h
or h =9 (D-6)

For a perfect gas:

p1 PI' or i - (D-7)
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The internal energy,

e h - (2 (/ - 1) p (D-8)
p p

for a perfect gas

eP- (D-8a)
1 T p

That is, only for a perfect gas can,01 be expressed in terms of Y,.

The equation of state is given by

" P = Z 11 T (D-9)
p m

Inserting Eq. (D-3) in Eq. (D-4) yields

(V - v) v + ( C (D-10)

or or B 112 V - (2/3 - 2) c2

v + - • (D-10a)

since vi

v 1 M W and V
2 V

aT s 11 a1  V 21

The positive root gives

2 -171 Ms .81 Y 01) l (28 -1) + 2

(D-11)

That is, v+>a , or the flow is supersonic in front of the shock. The
negative root gives the local particle velocity at any point behind the

shock wave divided by the free stream sound speed ahead of the shock
front (or v< al, the flow is subsonic behind a sharp fronted shock).

In particular, we choose the equilibrium values after the relaxation
zone,
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1+ y1 Ms + - Yl M - (20 -1) + r
= 1 + M M1 (M2 2* • M s M )

21 - 1

(D-12)

As *

2 P1  1

M-.c 21-_ -- . (D-12a)

From Eq. (D-12) when = then for a perfect gas, constant Y1,

V 2 M+ (D-13)

and when M oo

V2 1  V2 - pl __ 1 -1
Ms V1  P2 1 (D-13a)

or

U2 1 . 71 - I 2
2 1 -1 (D-13b)

Consequently, the density ratio or the velocity ratio across the shock

approaches a finite limit.

From Eqs. (D-1) and(D-2)

r 1 Ms/V21 (D-14-
P = * +(D-14)

P21 1 71 Ms V21)(-5

when
V --" 'p 2" " • Ms2

* 2

-P + 7 V M M

s 21 1 s
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Furthermore, from Eq. (D-10a), the sum of the roots, 1
* B

v 1 + v 2 - V- (D-17)

The product of the roots,

, C2

vI v2 = • (D-18)

For a perfect gas 3 and

12+2(I3l - 1) a 1
2  (-9

Vl V 2 - 2•1 - (-1)

From Eq. (D-4) when

v -a 2 a

then 2

11 - 1 +212S7~ ~v 12 + =2 (D-2-0) ;

or V22

V v 2  = 1 2 + 2(91 - 1)a 1 2 P2 - Pl (D-21)2•I I P2 - P1

Equation (D-21) is the Prandtl form of the energy equation for a perfect

gas. Alternately, for very strong shocks, v1I ae,- Vp-/p, then from

Eqs. (D-2b) and (D-4a), V '• C • Vl, or from Eq. (D-18)

v2 l/(23 - 1) (D-22)

and from Eq. (D-1)

P2 _v1Pl =v (20- 1) (D-23)

Similarly, from Eqs. (D-2a) and (D-23)

, * 2p, v12 (13-1)
P2  P1 '1 (V1 - v2 ) - 20 -1 (D-24)

P 2v 1 (23 - 1)
2 z - _1 __

Z m 2 (213- 1)2 (D-25)
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iI

or o 2 1 s ( -6- 1)1

P 2 1 = (20- 1) (D-26)

T 2 Y1 Ms2 ((3- 1)
21 Z(2/3-l) 2  (D-27)

The above equations reduce to the forms given in Subsec. 2.2.1 for a
perfect gas and are summarized below for the case Ms.oco, for a per-
fect and imperfect gas.

v2 _ -1 V2"_ ___ - 1
v1  y1 - 1 + 1  2- - 1

21 2- 1.1 M2 (/-1)

2)1 )1 -1 2, 2 y' s2 - )
22

P M
21 ' 2 P2 1  is3

2Y1(v - 1) 2 * 2- Us ~ 1T M T

21 (V 1 + 1)2 s 21 Z(2 0- 1)2

(D-28)

Consider the special case of air at Ms = 20. The value of

these parameters for a perfect and imperfect gas can be compared. If
1 constant, then 31 3.5. Assume an enthalpy parameter value of

3= 10.1 for the imperfect gas, then (Ref. 34):

V2 1  3.375 > V2 1  1.053

U2 1  (Ms - V2 1 ) 16.620 < U2 1 = (M. - v2*1 ) = 18.947

f 5.926 < F2 = 18.988
21 21

P2 1  466.50 < P2 1 = 531.51

T 78.722 > ZT2 1= 27.992

125 21
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The above numerical results illustrate what is shown graphically in
Figs. 2.2-8 to 2.2-12. The very large drop in temperature ratio behind
the shock front for the imperfect gas as compared to the perfect case
is quite evident. The correspondingly large density increase because
of the cooling effect is also very noticeable. The increase in pres-

sure and not--stationary particle velocity (U21 ) is not too large.

A systematic solution of Eqs. (D-12), (D-14), (D-15), and (D-16)
can be done as follows:

1. For a given set of initial conditions the unshocked air is cold,
and and -1 are known from TI independently of p, for any Ms.

2. Choose T and p 2 and obtain 02 and Z from tables or plots of the

thermodynamic properties as above.

3. Solve for V2 1 from Eq. (D-12).

4. Calculate from Eq. (D-14) and obtain p, directly.
• ~Pl RTI

Calcul-te P21 from Eq. (D-15) and pfo- m *

The above alternate method o0 choosing the thermodynamic quan-
tities behind the shock wave and calculating p1 has the advantage of

eliminating successive approxJmations (Ref. 35). A drawback is that p1
cannot be given in advance. However, by choosing p 2 /Po = 10, 1, 10-,

etc. (P0 = standard reference density at 273.2*K and 1 atmosphere,

p0 = 1.2931 x 10-3 gm/cm3 ý 2.511 x 10-3 slugs/ft 3), T 1 = 273.2 0 K and T*

takes on the range of temperatures given in the thermodynamic tables.

5. For each value of MH and range of T2 , plot a graph of P2 1 ' T2 1 '

and with pl/po.

6. Choose regular intervals of p1 /p 1, 10 -1, 10-2, etc., and

cross-plot the ratios T2 1 and r.l against P Since P21 is
21 21 ~ 2l * 21

nearly independent of p, or p1 (see Eq. (D-15), as V21 is small
for strong shocks), the graph of Ms with P21 can be drawn ap-.

proximately as a single curve. The results as shown on *

Fig. 2.2-12 are taken from Ref. 35.

It is worthwhile noting that the quantity Y', which is de-

fined in Ref. 35 in order to preserve the form of the shock relations
for perfect and imperfect gases as

' pE (D-29)

is equivalent to,

t 1 (D-30)
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or
Y

S= (D-30a)

Consequently, some of the limits for the imperfect gas have an appear-
ance similar to the perfect gas case. For example: as

M21 a--1Y1-1 -12

An inspection of Table 2.2-2 for d for a given p/po with in-

creasing temperature shows that it is not a monotonic function. For ex-

ample, consider the column for p/po = 10-6. At low temperatures (273*K)

0 = 3.5. As the temperature increases 0 rises to d = 12.5 at 50000 K;
falls and rises to 11.9 at 8000*K; falls and is rising to 10.5 at
24,000*K. The reason for this may be seen from the enthalpy of a dis-
sociating diatomic gas (see Supplement B and Subsec. 2.1.5),

h= 5 + aRo T + Uv (1- cv) +h 1d

h 5(1 + a) + RoT +a) + a "d (D-31)

As the gas reaches a high degree of dissociation the first term in
remains almost stationary, the second term is practically zero, and the
third (largest) term falls with increasing translational temperature T.
Consequently, B decreases. When ionization sets in 0 again rises, and
the process is repeated as new degrees of ionization are excited, giving
the chpracteristic waviness to the plots of the thermodynamic quantities
as a function of increasing temperature. For exc.mple, since

- 1), the density ratio can be less for a more intense shock.

In the above case when p/p 0 = 10-6' F; 1 24 at 53000°K and 20 at 24,000*K.

As the modes become fully excited the hcn, ink is removed. The gas cau,-
riot then be cooled down and consequently vUj density can be lower for the
stronger shock wave.

Typical values for Z and S are given in Tables 2.2-3 and 2.2-4
(Ref. 35). As expected both of these quantities increase for the low
densities at a given temperature, as new particles are formed and the
disturbance caused by the strong shocks becomes increasingly greater.

Some simplification in the calculations arise when the only
excited inert mode is vibration. In this case Z = I and 0 is only de-
pendent on T. The continuity, momentum, and energy equations are com-
bined to give

V(*2 * *2-(Vl(V 2  + RT 2) +v(v1  4 RT1) (D-32)
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20RT* + v*2 -2, 1 RT1 + v12 (D-33)

Let

v 1 = v gv where g (D-34)
1 22 2v21

From Eq. (D-32) R(T - gT)
v2 1 2 (D-35)
2 -g(g -1

From Eq. (D-33)
*2 2R(=T2 - A T1 ) (D-36)

v2 g2  1

Solving for g from Eqs. (D-35) and (D-36)

TI (D-37)
g --b + C T21

T1

From Eq. (D-36)
v*2 = RT •_• _1&

"2 R 2b + 1 T I/(D-39)

where

R = Pin

or *

T 2b+ 1-T
2 . 21 + 2 (D-40)

V 1 21

For calculation purposes assume 3.5 at T for the cold gas. Choose

a T2' and '0 is known. Calculate v2 fro1 Eq. (D-39), v, from Eq. (D-34),

p2 from Eq. (D-l), and p 2 from Eq. (D-9) with Z = 1.

The methods employed above for the solution of properties be-
hind strong shock waves in air can be used in a similar manner for mon-
atomic gases.

128



Performance of Simple Constant-Area Shock Tubes Table 2.1-1

[4

t- to* CO 00 t- to

V w

'U- aI
(U C6II.r.

090

o

MI

., .4 Q 04

Q) U

A 0-4%

LM ~ ý (n

129



Table 2.1-2 NAVORD Report 1488 (Vol. 6, See. 18)

Table 2.1-2

Equilibrium constant (K), degree of dissociation (oY), and
dissociational portion of specific heat at constant
volume (Cd/R) for oxygen at 1.0 atm as a function of

d
the translational temperature (T)

(Values of K from Ref. 17)
K K Cd/R
KKI atm d

2000 5.38 x 10-7 3.67 % 10-4 0.159

2400 8.74 x 10-5 4.67 x 10-3 1.40

2800 3.35 x 10 2.89 x 10-2 6.45

3200 5.18 x 10-2 0.106 16.9
3600 0.437 0.315 34.3

3800 1.07 0.461 38.9

4000 2.41 0._613 37.1

4200 5.01 0.745 29.8

4400 9.76 0.842 20.6

4800 31.3 0.941 7.91

5000 52.4 0.965 4.54

Table 2.1-3

Vibrational relaxation in gases at normal density
and temperature (Ref. 14)

Gas Exp. Zv Xv Calc. Cv
Gas (Ref. 14) . .(Ref. 20)

02 2 x 10 7  3 x 10- 3  3.8 x 10 7

24

Cl 2  4 x 10 4.2 x 10-6 6.8 x 10 4

O2 5.2 x 10 6.6 x 10-6 9.6 x 10 (?)

Methyl-chloride 1400 1.8 x 10-7 1700 (?)

4ethyl-alcohol1 200 2.3 x 10-8
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Fig. 2.1-1. Pressure waves generated by the motion of a piston.

143
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Fig. 2.1-2. Velocity distrib'ution in ducts of constant and:1 varying cross sections.
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Fig. 2.1-3. Degrees of freedom for different molecules.
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"with nondimensiunal temperature (T/"1) for argon,
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Fig. 2.1-7. SpecitiL heat of ionization (C 1 ) for atomic hydro-

gen with translational Temperature (Ref. 15); Vi = 13.5
volts.
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Fig, 2.1-8a. A(.justment of translational temperature (T) andIinternal temperature (8) during a slow and fast compres-
sion or expansion.
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Fig. 2.1-9. Riemann variables in the (x, t)-plane for a steady
flow through a duct of constant cross section; Y = 1.4.
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Fig. 2.1-10. Riemann variables in the (x,t)-plane for a rarefac-
tion type of pressure wave generated in a quiescent gas in a
duct of constant cross sectiun; V 1.4.
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Fig. 2.1-12. Collision of a Q-rarefaction wave with a
P-compression wave.
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Fig. 2.1-14. Wave system produced by a piston instantaneously
accelerated from rest to a uniform velocity; u 2 = u 3 .
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j PARTICLE PAT H
OR'PR

PITO PATHTICLE
STON PAT PATH

C, WR -usp SHOCK

\ENVELOPE OF
P .' ~ X1. P-LINE INTER-

(xp,tp) SECTIONS

Cetrd~FOCALX

(a) CetrdRarefaction Waves (b) Compression wave

t PISTON PATH f-

((2)

01 * b0)

(c) Compression wave (d) Centred Compression Wave

Fig. 2.1-15. The generation of rarefaction waves and compression
waves by a piston.
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Fig. 2.1-16 NAVORD Report 1488 (Vol. 6, Sec. 18)

7.70,0 PARTICLE PA`TH -

30I 7-•70.

7t,

-- ;i.20 6-4-65.4•

• " N;2

HEAOD-' 4 -: ~~N--4 -45o ... N:"

"N :4

---__ TAI L
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Performance of Simple Constant-Area Shock Tubes Fig. 2.1-17
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Fig. 2.1-17. Variation of the particle velocity through a
centred Q-rarefaction wave; y = 1.4.
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Performance of Simple Constant-Area Shock Tubes Fig. 2.1-19
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Fig. 2.1-19. Variation of the temperature ratio through a
Q-centred rarefaction wave; Y = 1.4.

161
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Fig. 2.1-20. Variation of the density ratio through a
Q-centred rarefaction wave; 7 = 1.4.
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Fig. 2.1-21. Variation of the pressure ratio through a
Q-centred rarefaction wave; y = 1.4.
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Perf•rmance of Simple Conatant-Area Shock Tube. Fig. 2.1-23
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Fig. 2.1-23. Variation of the mass flow ratio through a
Q-centred rarefaction wave; y- 1.41
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Fig. 2.1-24. Variation of the total temuiprature ratio through
a Q-centred rarefaction wave; Y 1.4.
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Fig. 2.1-25. Variation of the isentropic pressure ratio

through a Q-centred rarefaction wave; y 1.4.
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Fig. 2.1-26. Variation of the pitot pressure ratio through a
Q-centred rarefaction wave; Y 1.4.
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Fig. 2.1-27. Variation of the Reynolds number per toot and

the dynamic pressure through a Q-centred rarefaction
wave; y - 1.4.
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Figl. 2.1-28. Variation of the Riemann invariants P and Q
through a Q-centrod rarefaction wave; y =1.4.
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Performance of Simple Constant-Area Shock Tubes Fig. 2.1-31
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Fig. 2.1-31. Rarefaction wave and compression wave with

relaxation effects.
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PRANDTL-MEYER
FAN

OBLIQUE
SHOCK-\L

Fig. 2.1-32. The flow about a double-wedge model In a shock tube.
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Performance of Simple Constant-Area Shock Tubes Table 2.2-1

Table 2.2-1

Initial conditions (Ref. 40)

Altitude. Pressure, Density. Temperature, Dimensionless Dimensionless
ft PY. 3 Tr enthalpy, entropy.

atm slugs/ft" OR hl/RoTo SI/R

-30 1.0 2.38x10- 519 3.70 23.6

-450,000 0.1145 3.62x10 392.4 2.195 25.0

100,000 0.0106 3.31x10- 5  392.4 2.795 27.4

150,000 0.00142 3.05xlO-6 573.5 4.085 30.9

200.000 0.000314 6.2x10 619.4 4.41 32.7

31.7
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Fig. 2.2-2 NAVORD Report 1488 (Vol. 6, Sec. 18)
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S~Fig. 2.2-2. Schematic transition profiles through a weak shock
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Performance of Simple Constant-Area Shock Tubes Fix. 2.2-3
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(a) Transition profiles for a very week shock wave.
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(b Transit)on pis e d o a(1) LtLgrs .

(b) Transition pqt/roii*sdebt for a tha strnshcwae.s

((2)
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V -X
(c) I ransition profiles for an extremely strong shock.

LI Relaxation distance due to inert damroes.

L - Relaxation distance due to active degrees.

AS Complete equilibrium adiabatic for final satse.

ARH Ranklne-Hugoniot adiabatic for states evaluated by considering
the active degrees only and Inert jegreeas are considered as
"frosan.
7 * 5/3 for monatomic molecule.
y * 7/8 for linear molecule.

7 * 4/3 for other molecules.

Fig. 2.2-3. Shock transitions in a gas with relaxation effects.
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ih

so

--I-- -

az

0I0

In I

a. -- --.

183

U..
Ne



Fig. 2.2-4 NAVORD Report 1468 (Vol. 6, Sec. 18)
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Performance of Simple Constant-Area Shock Tubes Fig. 2.2-5a
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Fig. 2.2-5a. Representation of transition through a shock •

front with one inert (vibration) degree of freedom ex-

cited.
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Fig. 2.2-5b NAVORD Report 1488 (Vol. 6, Sec. 18)
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, Fig. 2.2-5b. Transition through a shock front in ozygen at
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[ ~tive and inert degrees of freedom (after Ref. 3?1).
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Performance of Simple Constant-Area Shock Tubes Fig. 2.2-6a
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Fig. 2.2-6a. Variation of enthalp h with temperature (T)

and pressure (P) for a diatomic gas, oxygen (after
Ref. 17).
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Fig. 2.2-6b NAVORD Report 1488 (Vol. 6, Sec. 18)
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Fig. 2.2-6b. Schematic enlargement of the variation of h with
T for a diatomic gas (after Ref. 37).
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Fig. 2.2-6c. Dimensionless enthalpy vs temperature for 
a

dissociatinlg diatomic gas (Ref. 3).
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Fig. 2.2-1 INAVORD Report 1488 (Vol. 8, Sec. 18)
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Fig. 2.2-. Normal shock wave parameters in oxygen; p 1  2

atm, T1  2180K, h 1.t00,000 ft (Ref. 37).
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Fig. 2.2-7 (continued). Normal shock wave parameters in oxy-

gen; p, 1 0= i2 atm, T1 218-K, h '~100,000 ft (Ref. 37).
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Performance of Simple Constant-Area Shock Tubes Fig. 2.2-8d
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Performance of Simple Constant-Area Shock Tubes Fig. 229

91hlo Shock Tube Pressure (p,) as a Porameter i
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A

Fig. 2.2-9b. Density ratio (2 p)across moving normal
shock vs shock velocity (w,), equilibrium air.
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Fig. 2.2-11a NAVORD Report 1488 (Vol. 6, Sec. 18)
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Fig. 2.2-1a. Variation of the sound speed ratio (ar,'a, ) A,

with the shock Mach number (M) in air; T1  300*K
(Ref. 41).
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Fig. 2.2-17f. Variation of the deg,*ee of ionization (x) with
temperature and pressure in argon (Ref. 42).
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Fig. 2.2-18d NAVORD Report 1488 (Vol. 6, Sec. 16)
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Fig. 2.2-18d. Variation of pressure ratio (P)with shock
velocity (wI) in argon (Ref. 43).
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Performance of Simple Constant-Area Shock Tube. Fig. 2.3-2
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Fig. 2.3-1. Locus of all states (2) that may be connected with a ii
given state (1) by a forward ur" backward facing shock wave.
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Fig. 2.3-2. Locus of all states (2) that may be connected with a
known state (1) by a forward or backward facing rarela'ntion
wave,
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Fig. 2.3-3. Locus of all the states (2) that may be reached from
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Fig. 2.3-4. Locus of all the states (2) that may be reached from

a given state (1) on the right by forward or backward facing I
waves.
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Performance of Simple Constant-Area Shock Tubes Fig. 2.3-7
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Fig. 2.3-5. Initial conditions in a shock tube.
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Fig. 2.3-6. The shock tube problem in the (p,u)-plane.
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Fig. 2.3-7. Possible wave systems in a shock tube following
the rupturing of the diaphragm.
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Fig. 2.3-8. Diagram of the (x,t)-plane of the ideal wave system
produced by bursting a diaphragm in a shock tube.

228

-- "" " .......... " _ _ ! 'M'•a I:.-• _



Performance of Simple Constant-Area Shock Tubes Fig. 2.3-9
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Fig. 2.3-9. Variation of the shock pressure ratio (P 1 2 ) with

the diaphragm pressure ratio (P 14) and the internal energy

ratio (E 1 4 ) across the diaphragm; case air/air.
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Performance of Simple Constant-Area Shock Tubes Fig. 2.3-11
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Fig. 2.3-11. Variation of Mach number with pressure ratio.
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Fig. 2.3-12. Variation of Mach number in state (3) with the
diaphragm pressure ratio (P 1 4 ) for different energy

ratios (El 4 ) across the diaphragm.
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Performance of Simple Constant-Area Shock Tubes Fig. 2.3-13
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Fig. 2.3-13. Variation of Mach number in state (3) with dia-
phragm pressure ratio (p 1 4 ) and internal energy ratio

(E 1 4 ) across the diaphragm at T 1 .
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Fig. 2.3-14. Variation of Mach number in state (2) with the
diaphragm pressure ratio (P 1 4 ) for different internal

energy ratios (E 1 4 ) across the diaphragm.
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Performance of Simple Constant-Area Shock Tubes Fig. 2.3-15
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Performance of Simple Constant-Area Shock Tubes Fig. 2.3-29a
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Performance of Simple Corstant-Area Shock Tubes Fig. 2.3-35
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Fig. 2.4-16. Head-on collision of two unequal shock waves
in the (u,p) -plane.
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Fig. 2.4-20. Head-on collision of a shock wave and a rare-

faction wave in the (u,p)-plane.
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Fig. 2.4-21. Head-on collision of a shock wave and a rare-
faction wave in the (x,t)-plane.
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(a) Point (X6 , T 6 ) where the steady state region (6)
forms behind the reflected rarefaction wave.

(b) Point (X3, V 3) where the hejid of the reflected
ri-refaction wave overtake-; the tail of the
incident rarefaction wave.

(c) Point (X t ) where the Lead of the reflected
rarefaction wcave overtakes the contact surface.

(d) Point (Xs, 'C) where the head of the reflected
rarefaction wavo overtakes the shock wave.

(e) Point (X 5 , V'5) where the steady state region (5)
forms Lehind the reflected shock wave.

1 he point (Xe, C 6 ) is given by) -1, V 6 ). The value of V6 as a function of the diaphragm
pressure ratio P 4 1 is shown on Fig 2.4-15 for different gas combinations.

Fig. 2.4-39. Points in the (X,Z)-plane where the head of the
reflected rarefaction wave overtakes the tail of the in-

,dent rarefaction wave (X 3 , C3), the contact surface

(Xc, T ), and the shock wave (Xs, Vs) (L 4  is the chamber

length)
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Fig. 2.4-41. Variation of X 31Xcl and X ISwith the pressure
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Fig. 2.4-44. Points of maximum flow duration X and X for
regions (3) and (2), respectively.
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Nomograph for calculating the time interval between the arrival of the eh•ck
wave and the driver gas at a given stion in a ibock tube. Calculations have
been carried out considering air as an ideal gas ( '(. 1.4) and a,, in equi.
librium at all times (recombination rate infinitely fast). For equilibrium air
the tenting time is greatly reduced.

Enter abscissa at shock Mach number and find intersection with initial pres-
:ure curve. Fino values of left hand ordinatec, t/L . at the latter in- "-
section. Line up the value of t/L with the length of the shocs tube on the
right band ordinate and read the testing time, " . on the centor ordinate.

Experimentally. the values of t are fI omd to be approximately -50% of the
values thus calculated.

Fig. 2.4-46. Testing -ime as a function of shock Mach
numbei and initial precsure (Ref. 53).
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observed Flow in a Constant-Area Shock Tube

3. Observed Flow in a Constant-Area Shock Tube

3.1 Comparison of Idealized Theory with Experiment

In the previous section the wave elements and the wave system
that might be produced in a simple shock tube of constant area for per-
fect and imperfect inviscid gases were considered in some detail. The
present section will endeavour to compare the experimental results with
the theoretical predictions. It will be found that viscosity and heat
transfer effects in the wail boundary layer modify the idealized wave
system and the physical quantities in the uniform states. The magnitude
of these effects depends mainly on the strength of the incident shock
wave, the initial conditions, the type of boundary, layer, and the area
and length of the shock tube channel.

3.1.1 Wave System Produced bX Diaphragm Removal

Plate 1.1-1 is typicai of the schlieren photographs taken at
the origin. These are presented and analysed in Ref. 1. Under pressure
the cellophane diaphragm becomes a curved surface. When it ruptures,
three-dimensional effects are introduced in the form of shock-wave re-
flection arising from shock curvature. Shock diffraction and vortices
are also produced by the jagged remains of the diaphragm. As a result,
the assumption of one-dimensional inviscid flow at the origin is not
realized.

All the records are typical, in that the shock wave at the
origin appears to be formed within a network of converging characteris-
tic lines representative of a compression wave. However, closer exam-
ination of the optical records reveals that the method of characteris-
tics cannot be applied in order to predict the birth point of the shock
wave because the apparent compression wave is in fact composed of a num-
ber of coalescing shock fronts. These overtake, accelerate, and combine
to form the primary shock wave. The wave is initially curved, but the
resulting regular and Mach reflections form the mechanism that produces
a plane primary shock wave (Ref. 2). It was also noted that the reflec-
tions give rise to a train of transverse waves that follow the primary
shock wave down the tube (even as far as 50 tube hydraulic diameters).
They also propagate upstream of the diaphragm. Eventually the trans-
verse waves become sound waves. However, they form a dissipative mecha-
nism that extracts energy from the flow, and thus they contribute to the
total shock-wave attenuation and to the fluctuation of physical quanti-
ties in the two uniform regions separated by the contact front.

It is shown in Ref. I that even for a weak shock wave (P21 < 3)

contact surface accelerations of the order of 7 x 10 ft/sec may be pro-
duced during the first 10 /sec, and in this respect the rupturing proc-
ess approximates the ideal case of infinite acceleration.

Plate 1.1-1 also shows that the contact front is in fact a
region which, in a matter of 18 in., has grown to a thickness of over
3 in. In a long tube it can grow to several feet, and this seriously
affects the available test time when the shock tube is used as an aero-
dynamic facility.

The region behind the contact front and the rarefaction wave
is filled with striations that are indicative of turbulent and eddying
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flow. The rough flow is caused by the passage of the gas from the cham-
ber over the jagged remains of the diaphragm.

Since the ideal case of an instantaneous plane shock wave is
not attained at the origin, the rarefaction wave is not centred there.
The head of the wave appears promidiently on Plate 1.1-1, but not the
tail of the wave. The nonappearance of this characteristic line cannot
be attributed entirely to the fact that the rarefaction wave is not cen-
tred, since the order of magnitude of the density derivative which re-
sponds to a schlieren system is not too different for the head and tail
of the wave. However, when a centred rarefaction wave is produced by
means of shock wave refraction, the tail can also be seen in a schlieren
photograph (see Subsec. 2, Ref. 31).

Plate 1.1-1 indicates that after some distance from the dia-
phragm the shock wave becomes well formed. This distance depends on
the tube cross-section, the diaphragm material, and the pressure differ-
ence across the diaphragm. In Ref. 1, it is noted that for a 3 x 3-in.
shock tube the shock velocity was uniform after about 4 to 6 hydraulic
diameters (4A/C) when the diaphragm was loaded near its bursting strength.
If the diaphragm was not well loaded, the shock formation process was
longer and the contact front was thicker. Improved shock velocities are
obtained with proper diaphragm loading, especially at higher shock
strengths, where the formation distance can be an order of magnitude
greater (see Ref. 38).

3.1.2 Wave Speed Measurements

Since the head of a rarefaction wave travels into a quiescent
gas with the speed of sound, this property can be utilized to determine
the sound speed in a gas (Ref. 3). The method makes use of a schlieren
record of the (x, t)-plane, such as Plate 1.1-1. The rate of advance
of any wave is given by w = v tan aJp (where v is the film speed, a is
the acute angle between the t-axis and the wave element, and i' is the
optical magnification factor of the x-axis). In the limit, a weak shock
approaches a sound wave. This orinciple can also be used to measure
sound speed (Ref. 4).

The results presented in Refs. 3 and 4 are summarized in
Table 3.1-1. It is seen that these values are in excellent agreement

with the acoustic result a 2 = VRT, where Y is based on equilibrium of
active and inert degrees of freedom, when applicable. This is to be
expected, as the measurements of the head of a rarefaction wave pro- i"
duced by breaking a diaphragm in a shock tube would probably not reveal
relaxation effects (in the form of a higher sound speed very close to
the origin, Subsec. 2.1.5) since the wave is not centred. Consequently,
the flow would probably be in equilibrium since any particle path would
have a long effective flow time.

From the relations given in Subsec. 2.3, it might be concluded
that once the initial conditions in a shock tube were given, the final-
state properties and wave speeds could be found. Alternatively, if the
shock speed is known (see Subsec. 7.4 for measurement methods), then the
properties behind it can be calculated. Optical devices made it rela-
tively easy to measure this quantity even in the early days of shock
tube development. Investigators found that when the shock wave was weak
and travelled over relatively short distances in tubes that were not of
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small diameter, then agreement with theory was quite good. However, as
- - soon as the above quantities were accentuated, it was found that the

shock strength attenuated (Refs. 1, 2, 5, 6, 7, and 8).

Some typical results are shown in Figs. 3.1-1 and 3.1-2.

It has been found (Ref. 1) that the total attenuation in a
shock tube can be described as in Fig. 3.1-3a. When the diaphragm rup-
tures, the compression waves overtake to form a shock front, which gains
in strength until it reaches a maximum velocity at xf, the formation

distance. Beyond that, the shock front attenuates with increasing dis-
tance. Consequently, the formation decrement and the distance attenua-
tion make up the total attenuation at any given station. Some investi-
gators do not agree that a formation decrement really exists (Ref. 5).
However, the results of Refs. 1 and 7 tend to confirm this model. Re-
cently, the work of Ref. 7a has substantiated the type of curve shown
in Fig. 3.1-3a for shock waves produced in air by helium or hydrogen
in the chamber. Some results appear in Figs. 3.1-3b and 3.1-3c, which
show the variation of the shock Mach number M with distance x from thes
diaphragm station. The value of M. given in the tables on the figures
was calculated by using imperfect gas effects behind the shock in accord-
ance with Subsec. 2.3.3. It is seen that in the case of hydrogen, the
formation decrement is almost zero, whereas for helium a formation in-
crement appears to result. It is seen from Fig. 3.1-3b that the effect
of increasing the initial air pressure from 5 to 100 mm Hg appears to be
small. For shocks of the same strength, Fig. 3.1-3c indicates that the
attenuation rate with distance is very much greater (double) for hydro-
gen than for helium as a driver gas. The latter would be preferable
for aerodynamic testing. It is worthy of note that the formation dis-
tance in these cases is very large, that is, about 20 ft or 64 hydraulic
diameters. (Recent attenuation studies reported in Ref. 19 substantiate
the trend of the curves given in Ref. 7a.)

Experimenters realized that the above results are probably due
to the boundary layer growth in the shock tube. Figure 3.1-4 is a sche-
matic diagram of the flow in a shock tube at a time t = t. It is seen
that a boundary layer exists between the head of the rarefaction wave
and the shock front. It starts growing at these two faces (which effec-
tively are leading edges) and increases in thickness until it reaches a
maximum at the contact region. Due to the condition of no slip at the
wall, the contact front would extend right back to the diaphragm station.
It is seen that the boundary layer consists of three main regions. In
state (2), which is hot with respect to the tube walls, the growth occurs
in a uniform unaccelerated region (if the boundary layer is thin). In
state (3), which is cold with respect to the tube walls, the boundary
layer growth is similar, but it takes place at a higher free-stream
Reynolds number and Mach number. In the rarefaction zone the boundary
layer is subjected to a monotonically decreasing pressure and increasing
velocity. As indicated in the diagram, at the contact surface where the
two main boundary layers meet, the flow would be still more complex. In
a real flow this effect is even more pronounced owing to the wide extent
of the contact region. As time goes on, the leading edges have raced
along the tube in opposite directions, transition to turbulent flow oc-
curs, the boundary layer becomes thicker, and the assumption of a zero
pressure gradient in the uniform regions becomes invalid. Finally, aftera long enough time has elapsed (assuming the shock tube is of sufficient
length), the boundary layer fills the tube and the flow consists predom-
inantly of a turbulent pipe flow.
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A review of the early attempts to account for the boundary
layer effects is given in Ref. 8. Recently, the theoretical work of
Refs. 9, 10, 11, and 12 have given a means of predicting not only the
shock attenuation effects, but also the resulting deviations in the
flow quantities that one might expect to arise as a result of the bound-
ary layer growth. Basically, the two theories postulate the continuous
generation of nonstationary compression and expansion waves by the
boundary layer. These pressure waves traverse the flow and change its
properties as well as the speed of the shock wave and the contact zone.
Consequently, there are no uniform flow regions, All flow properties
become a function of x and t. However, the mechanisms for generating
the pressure waves are different. Trimpi and Cohen consider that the
pressure waves are generated by skin friction and heat transfer effects,
whereas Mirels takes the view that they are essentially generated by the
vertical velocity at the edge of the boundary layer, that is, a piston-
like effect. Both theories predict an attenuation that varies with
shock strength, the distance the shock has travelled from the diaphragm,

the boundary layer type and profile, the initial conditions across the
diaphragm, and the tube cross-section.

In Ref. 12 (p. 46) it is pointed out that for thin boundary
layers with an isentropic core the theory developed by Mirels should
apply, whereas for thick boundary layers or pipe flow the theory of
Trimpi and Cohen can be used since viscous shear affects the entire
cross section. (In their theory they averaged the viscous effects over
the cross section.) In Ref. 10 (p. 85) some concurrence on this point
is also expressed. So far, in integrated and critical comparison of
these two theories with experiment has not been made. However, the at-
tenuation results of many investigations do agree quite well where the
theory of Ref. 9 was applied.

A good account of this procedure is given in Ref. 8, from
which Fig. 3.1-1b has been reproduced. It is seen that the results of
Fig. 3.1-1a tend to lie on curves based on the theory of Ref. 9, which
assumes a turbulent boundary (compressible or incompressible) layer
over the entire flow (Tc, Tic, T), rather than a laminar layer (Lc, Lie).

It was noted above that the contact surface becomes an eddying
zone in a real flow that can stretch over many feet, depending on the
length of the shock tube or the flow duration. Consequently, one might
expect from the previous remarks regarding the boundary layer effects
that the velocity of the contact front would not agree with the ideal
particle velocity. The behaviour of the front of the contact zone, as
recorded by (x, t)-schlieren photographs (Ref. 1), is indicated sche-
matically on Fig. 3.1-5. When the n;..,tragm is pierced, a jet of air
strikes the gas in the channel. The front of this jet moves at a ve-
locity greater than the ideal U 21. When the shock is formed at xf, it

has decelerated to a value which is still higher than the ideal U2 1 , apd

from there on the front of the cotact region speeds up with distance
along the tube (Fig. 3.1-6). rhe theory of Ref. 12 predicts an increase
in the contact front velocity. However, a quantitative comparison has
not been made to date.

3.1.3 Uniform States Separated by the Contact Region

A fairly detailed study of the rarefaction wave and state (3)
behind it (in air) was made in Ref. 13, using a piezo gauge and a hot-
wire anemometer; and in Ref. 14, using a chrono-interferometer. The
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results are shown in Figs. 3.1-7 to 3.1-11 and in Table 3.1-2. It is
seen that the rarefaction wave for diaphragm pressure ratios P 4 1 > 1.5

is much weaker thar predicted by theory. The experimental values of

Ref. 13 satisfy the isentropic relation P 3 4 = Y. However, as showr

in Fig. 3.i-il, the Riemann invariants P and Q are not satisfied. It
was shown in Subsec. 2.1.2 (Eqs. (9) and (10)) that P and Q remain in-

variant for a tube of constant cross section in an invtscid flow. When
a boundary layer forms in a reai flow, heat transfer and friction (which
are related to the normal component of the velocity at the edge of the

boundary layer) act on the entire flow so that P and Q become functions
of heat transfer and skin friction at any x and t. Consequently, it

would not be surprising that the relations P m 5A3 4 + U34 and

Q = 5A 3 4 - U3 4 might not be satisfied in a flow where viscous effects

are present. However, in this case, since the isentropic relation

P3 F= is satisfied, it is rather anomalous that the Riemann invar-
b34 v
iants are not satisfied. A reasonable explanation of the above has not
been given to date.

Other investigations in Refs. 15, 16, and 17 show very marked
deviations in the physical properties of the flow right from the shock
wave to the head of the rarefaction wave as shown on Figs. 3.1-12 to
3.1-15. The theories of Refs. 9 and 12 indicate that such flow changes

can be expected to occur. The measured values of density and pressure

(Figs. 3.1-14 and 3.1-15, Refs. 14 and 16) and calculated values of tem-

perature (Fig. 3.1-16), entropy, velocity, and mass flow (Refs. 15 and
17) over large portions of the shock-tube flow indicate that the average

pressure and density at a cross section increase as a function of time.

However, the temperature has a tendency to decrease in state (2) and in-
crease in state (3). It is seen that in Fig. 3.1-13, where the density
variation with time is compared with the theory of Trimpi and Cohen,
quantitative agreement is only fair although the slope of the theoreti-

caJ curve corresponds closely to that of the experimental data.

The mass flow and the particle velocity (Fig. 3.1-12) never
appear to reach their maximum ideal values and show a tendency to in-

crease with distance between the shock and the rarefaction wave.

Typical measurements of the Mach numbers in states (2) and (3)
in air for lower shock wave pressure ratios or shock wave Mach numbers
which were determined from schlieren photographs of the oblique shock
wave attached to a wedge of known angle (Ref,. 2), are shown on
Figs. 3.1-16a and 3.1-16b. It is seen that Fhe Mach number in state (2)
for lower diaphragm pressure ratios P4 1 is in good agreement with ideal

theory. However, the Mach number in state (3) appears to reach a limit-

ing value as P4 1 rises. Other experimenters did not find such a limit

(Ref. 18). An experimental decision on this matter is still required.

Some experimental results of the flow Mach number M for
2

sironger shock waves in air are shown in Figs. 3.1-17a and 3.1-17b from

Refs. 19 and 19a, respectively. Imperfect gas effects were used to de-

termine the flow velocity and flow sound speed or the flow Mach angle

112- It is seen that the Mach angles #2' measured in a manner indicated

on the figures, or the flow Mach numbers M2. derived from the experimen-

tal measurements of p2. show good agreement with the theory for air

treated as an imperfect gas. The perfect gas limit for M2 = 1.89 is ex-

ceeded, of course, as the initial pressure p1 is decreased for strong
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shocks. (The reader is referred to Ref. 38 for recent measurements of

physical quantities behind strong shock waves in nitrogen. Direct and

other measurements have just been reported in Refs. 41, 42, and 43.

Very good agreement with theory is indicated in Refs. 42 and 43 for

temperatures behind shock waves in air, oxygen, nitrogen, and argon;

in the latter case, up to 9000*K.)

It may be stated that in due course, as the physical quanti-

ties throughout the shock tube flow will become better known, it should

be possible to put the theories of Ref. 9 and 12 (if they are extended

to strong shock flows) to a decisive test with regard to shock wave at-

tenuation and the variation of the physical flow quantities in a shock

tube (see Refs. 39 and 40 for a recent survey of this problem).

3.1.4 Wave Interaction Results

Not all of the one-dimensional wave interactions considered

in Subsec. 2.4 have been tested experimentally. However, those that

have been tested agree quite well with the theoretical predictions and

lend considerable weight to a (p, u)-plane type of analysis

(Subsec. 2.3.1).

A large number of results on the normal reflection of shock

waves in argon, nitrogen, and carbon monoxide is given in Ref. 20

(Fig. 3.1-18). When imperfect gas effects and boundary layer effects

are taken into account, the results appear quite consistent with theory.

(The calculated values tor the curves in Fig. 3.1-18 are listed in

Table 3.1-3 and were kindly supplied by Greene, Ref. 20a.) A more

critical evaluation is given in Subsec. 3.2.5.

In comparison to the above, very little experimental informa-

tion is available on the normal reflection of rarefaction waves or the

uniform state (6) that can be formed behind it.

Some results for the head-on collision of two shock waves and

a shock and rarefaction wave (Subsec. 2, Ref. 48) are shown in

Figs. 3.1-19 and 3.1-20. It is seen that for this range of experiments

the agrcement with thcory is quite gcod.

Experimental data c.n the ctllision of two rarefaction waves

is not yet available. Some (x, t)-plane schlier-n records of this in-

teraction and of the normal reflection of a rarefaction wave may be

found in Ref. 46, Subsec. 2. Hot-wire anemometer and piezo-pressure

gauge records) of the latter are given in itef. 13.

One-dimensional refraction of shock waves and rarefaction

waves has been investigatcd (Refs. 21 to 23), and tae results agree

quite well with the theory outlined in Subsec. 2.4. Typicil experi-

mental data are given in Figs. 3.1-2' to 3.1-27.

The Air I1A contact surface in Fig. 3.1-21 was established

by using a microfilm of nitrate dope to separate the two gases. Its

effect on the interaction could be taken into account (Ref. 21). An

increase in shock pressure rat!) (amplification) after refraction is

evident.

For the single and double refraction problems illustrated in

Figs. 3.1-22 to 3.1-24, a slide technique was used to separate the gases.

The slide was withdrawn when the shock was generated in the tube, per-

mitting it to interact with the new gas. it can be seen that significant

322



Observed Flow in a Constant-Area Shock Tube 3.2.1

decrease in shock pressure ratio (attenuation or absorption) can take
place in a gas like helium or hydrogen. However, the layer of gas
(Air IIHel Air) is not suitable for shock attenuation because, far
enough away from the layer, overtaking shock waves strengthen the emer-
gent shock and bring its pressure ratio back towards the original value
(Fig. 3.1-24).

Figure 3.1-25 illustrates the refraction problem at a moving
contact surface generated in a shock tube by using He flAir. It will be
seen that at an incident wave Mach number W11 ^j 3.4 the gas behind the

rarefaction wave is cold enougn to change the energy ratio across the
Air IIHe contact surface so that it is below the critical value, and now
the pressure ratio across the transmitted shock wave is increased. This
gives rise to a reflected shock wave after refraction as shown. This
shock wave undergoes normal reflection and refraction. It then over-
takes the original transmitted shock wave and increases its strength in
a manner similar to Fig. 3.1-24. The agreement with theory is quite
good. This type of refraction forms the basis for the tailored-
interface hypersonic shock tunnel (Subset;. 5.1.2.3).

The above problems involving overtaking shock waves indirectly
verifies this type of interaction. The overtaking shock problem has
also been studied in Ref. 23, and good agreement with theory is indi-
cated.

The refrAction of a rarefaction wave at a contact surface was
investigated in Ref. 13. Piezo-gauge e'ta of the interaction are shown
in Figs. 3.1-26 and 3.1-27 for Air 1 A and Air !I lHe, respectively. The
agreement with theory is very satisfactory, providing the actual rare-
faction, not the one computed from the diaphragm pressure ratio, is
used for comparison. A typical hot-wire anemometer trace and piezo-
gauge record are shown in Fig. 3.1-28. It should be noted that the hot
wire total temperature measurements were found to be close to the theo-
retical value, whereas the mass flow results showed a considerable
scatter (Ref. 13). From a measurement of pressure, mass flow, and
total temperature, all other flow quantities can be calculated. For-
tunately, the mass flow has a weak effect on the calculations. However,
the piezo-pressure gauge measurements across the various states in them-
selves are quite convincing.

3.2 Boundary Layer Effects

The present Section will consider in more detail the boundary
layer that forms on the shock tube walls between the head of the rare-
faction wave and the shock wave (see Fig. 3.1-4). It was noted in Sub-
sec. 3.1 that it is this boundary layer which induces the deviations in
the wave speeds and the physical quantities in a shock-tube flow.

3.2.1 Laminar Boundary Layer

For a laminar boundary layer with zero pressure gradient, the
problem was initially considered as analogous to Rayleigh's analysis
(Ref. 24) of an infinite flat plate that has been instantly accelerated
from rest to a uniform velocity u at t = 0. This was the method
adopted in Ref. 25 in order to estimate shock wave attenuation. It was
assumed that the defect in mass flow at the contact surface expressed
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as a function of the pressure ratio across the shock could be equated
to the mass flow defect derived from the viscous incompressible equa-
tions of motion (Ref. 1). With this assumption, it is possible to ob-
tain the strength of the attenuated shock wave. The validity of this
analogy was not verified and the agreement with experiment for stronger
shocks was poor. (It is shown in Ref. 28 that, for weak shocks, by
neglecting second order terms, the analogy is exact.)

In Ref. 26 a historical note describes the work that led to
the correct formulation and solution of the zero-pressure-gradient, com-

pressible, laminar boundary layer with heat transfer in the region be-
hind a moving shock wave as given by llollyer (Ref. 27). This work was
extended by Mirels (Ref. 28), who showed that for weak shock waves the

boundary layer is equivalent to the Rayleigh problem and that an ana-
lytical soluticn is possible. For the stronger shock waves a numerical
solution is given for velocity and temperature profiles, recovery fac-
tors, and skin friction and heat transfer coefficients. This problem
has also been studied in Refs. 29 and 30, with special application to
wall surface temperature and hept transfer.

An examination of Fig. 3.1-4 shows that it would be possible
to put the two nonstationary boundary layers with their moving leading
edges at the shock front and at the rarefaction wave head into a steady-
flow frame of reference by fixing a set of co-ordinate axes to the wave
front. This imposes no difficulty at the shock but requires an assump-
tion that the rarefaction wave fan can be replaced by a single plane
(expansion shock). This assumption becomes progressively worse as the
pressure ratio across the diaphragm increases. In the limit, for a per-
fect gas, state (3) disappears (see Subsec. 2.3.2), and the rarefaction
wave fan occupies a length which is sixfold greater (for Air/Air,

1= 1.4) than the region occupied by state (2), between the shock and
the contact surface. The two boundary layers in steady and unsteady co-
ordinate,. are shown in Figs. 3.2-1 and 3.2-2. The gas thermal boundary
layer and the wall thermal layer appear in Fig. 3.2-3. (The notation
used in Subsec. 2, above, has been retained; that is, for a shock wavev, = w, v2 w - 2 lV ~~,and I • P2iPl • 6 for I Lv /lal ,

for y = 1.4. Similarly, for an expansion wave vI = a4 and v 2 = an4 + u3
For Y = 1.4, in the range 0 ' u 3 ý 5 a 4 , 1 ; vl/v 2 ; 1/6.) It is seen

that, in steady co-ordinates, the wall now has a velocity equal to the
wave velocity (vI = Vw). The expansion wave profile is reminiscent of

a boundary layer with slip flow, while behind the shock wave the profile

has the largest velocity at the wall and smallest in the free stream.

Following the method used in Refs. 28 and 31, the Prandtl
boundary layer equations are applied (except at the leading e~dges of
the two waves) to the compressible flow for x > 0 with the assumption
dp/dx = 0.

Continuity:

8-(u) + 8.60- 0) (1)
ax ay

Momentum:

au +••u : a (2)
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Energy:

PC -0-T ii.. k 21 3

State:

p = pRT (4)

Boundary conditions for shock wave (Fig. 3.2-1):

u(x,O) = -w1 = -v1  (zero slip)

V(x,O) = 0 (5)

T(x,O) = Tw (constant wall temperature)

(It was shown in the above references that Tv = T1 except for stronger
shocks.)

u(x,0) = (u 2 - w1 ) = -v2

T(x,00) = T2

Boundary conditions for the expansion wave (Fig. 3.2-1):

u(x,0) a 4 : v 1

V(x,0) = 0 (6)

T(x,0) = Tw (constant wall temperature)

(It was also shown that Tw e T4 = T1 for all expansions.)

u(x,oc) = a 4 + u3 = v 2

T(x,ac) = T3

(Note: The typed "v" signi.Zies a relative velocity in the x-direction,
whereas the written "V" is the actual velocity component in the
y-lirection.)

The assumption of constant wall temperature was shown to be valid for
a laminar boundary layer in Ref. 31. It has also been substantiated
experimentally in Ref. 26. Even for a turbulent boundary layer, al-
though the temperature varies with dista::ce behind the shock, the ap-
proximation is good except possibly for stronger shocks.
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Numberical solutions to the above equations in the range
0 -5 V1 /V 2 5 6 are given in Refs. 28 and 31. The case of vl/v 2 = 0 is

the Blasius solution for the incompressible flow past a fixed, semi-
infinite plate. When v 1 /v 2  1 + f (where E is a small quantity,

e « 1; otherwise when e = 0, v1/v2 ý 1, u 2 = 0, and a boundary layer

is not possible, see Fig. 3.2-2) an analytical solution involving the
first order in (v 1 /V 2 - 1) is possible, which reduces to the Rayleigh

relation for the nonstationary boundary layer:

V -

- - erf - erf (7)1 2 2 xV2u2 2V' 2t

A boundary layer parameter 17 is defined as

'V 0 T -dy (8)

The boundary layer thickness 6 is defined as that value of y when y = 6
or 7 = 75' and at that point

v -v v-0.99 or =0.99 - 0.01 -'1 (9)V1 I v 2 v 2 - v2
1v4(The plus sign is used for 1 ' -- 5 6 and the minus sign for1 "2__

0 ý - 1.) The variations of vi2 with n are given in Refs 28 and

31. Consequently, when v/v 2 assumes the value of Eq. (9), 16 is known,
V1 -v

and the reduced ,quantities w/i6 versus V - v can be plotted. For the
Rayleigh case, we write 1 2

v 1 -v
- erf (K (10)

vI - v 2

where K = constant.

When 
v v 99 and K '.1.8

7 n6 ' 1 - V2

or

v1 - v

- erf (1.8 • 1/r) (10a)
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Equation (10a) along with the reduced values for the Blasius (vl/v 2 = 0)

and the strong shock cases (v 1 /V 2 = 6) are shown on Fig. 3.2-4. It is

seen that the velocity profiles encountered in a shock tube on the whole
lie closer to the Rayleigh profile, except for strong expansions which
are closer to the Blastus profile (with the assumption of an expansion
shock). On this plot, it is seen that the slope of the profile at the
wall increases from the Blasius to the Rayleigh to the strong shock case,
and the curves are also .n this order.

From Eq. (8), when y = 6, nI and T T 2,

T 2x
T| (8w a)

For the Blasius case, when v/v 2 = 0.99, n6 = 3.5. For T /T 1 = 1,

x6V=X-V2
YV

2
(This is the incompressible result for the boundary layer growth.)
From Eq. (7) for the Rayleigh case

erf = 0.99

or

S / T_3. 6 V ý - _

V 2

For the strong shock case (vl/V2 6), v-• 1.05 and z =1.55

32

or

0 . T2 x 'w

The shear stress • at the wall is given by

•w= y• w= Jwv2 f (0) (I

ay v
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The friction f (0) is tabulated in Refs. 28 and 31. If the local skin
friction is defined as

Cf 1 2 T= (12)

SPw (VI - v 2 ) P .w u 2

and the Reynolds number as

Re = v 2 x (13)

(The reason for this definition of Re is given in Eq. (26) below.)

then

Cf IrRe 2 f (0) (14)

V 2

From Ref. 31, when

1 = 0 f (0) = 0.4696

or

Cf JAR- = 0.664

the incompressible-flow Blasius value.

When

"2 IV 2 v
v 2 1 f(0) 7T V2,•

and Cf VJe = 1.128, the Rayleigh value. j
Finally, when

I = 6 ,f (0) = 8.101 and C V = 2.291

"v2f

Thus, the Rayleigh value of Cf V -e is greater than the corresponding

Blasius value by a factor of 1.70, and the strong shock value is
greater by a factor of 3.45.
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Expressions for the recovery factor and heat transfer func-
tions and their numerical values are also given in the above referencesvI

over the range 0 < 6 for a Pr = 0.72. It is shown that the re-
v 

2

covery factor r rises from r = 0.845 (Blasius) to r = 0.885 (Rayleigh)
to r = 0.920 for v/V 2 = 6.

In addition, it is shown in Ref. 31 that the thermal boundary
layer in the wall of the tube can be described in a manner similar to
the Rayleigh gas velocity boundary layer. The problem is that of bring-
ing two media (the gas and the wall) at different uniform temperatures
into contact at a time t - 0, and is given by the one-dimensional heat
conduction equation (Fig. 3.2-3):

7, V-1-7-2-(15)ax v1 •y

where

pw

is the diffusivity of the wall material. The boundary conditions for
x > 0 are given by

T(x, 0) = Tw
(17)

T(x, -cc) = T and T(x, -cc) = 4

for the shock wave and expansion wave, respectively.

The solution of Eqs. (15) to (17) is given by

T -T erf -- (18)
2

For a Prandtl number = 1, the recovery temperature and the total tem-
perature are identical (for Pr < 1, 0.9 ! Tr/T 0 • 1 for •=_>M ýŽ1; that
is, the ratio is less than unity). Consequently, from Ref. 31 and Sub-
sec. 2.3.2, for y 1.4, for vI/V 2 > 1,

T 2 1) (19)
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and for v 1 /V 2 < 1,

T - 1 = -2 [3 (P 3 4 ) 1 ' -2] 1- (P 3 4 )1/7] (20)

4

Since W11
2 >1, Tr/TI > I and heat transfer always occurs from the gas

to the wall behind the shock wave. From Eq. (20) or Figs. 2.1-24 and

2.3-25, it is seen that in the range -1 5 N • 1; 1 Ž P3 4 Z (2/3)7;

0 !.PM 3 • 2.5 (see Subsec. 2.1.4, Eqs. (30) and (31)), Tr/T 4 < 1, and

heat transfer occurs from the wall to the cold gas. For stronger ex-
pansion waves Tr/T 4 > 1, and heat is transferred from the cold gas to

the tube walls. Therefore, it is possibie for stronger expansion waves
to have heat transfer into the gas for the initial portion of the fan
(N = 1) and into the tube wall for the latter portion of the fan (N > 1)
at the same time.

The temperature rise is given in Ref. 31 as

Tw- T Tr

-R = A (21)

T 1
for v /V > 1

where

A " - (22)

and

Tw -T 4

for VI/V 2 < 1

where A • k4

"4 4 I (23a)

If k OCT and Cp constant, then k/IW-is independent of T (depends on

V-p)for a given gas. (Typical values of a cm 2 /sec at ,180C are:
gold = 1.209, silver = 1.700, air at 1 atm = 0.179, mild steel = 0.173;

for air k = 0.000055 c.al cm/sec cm2 0C, for mild steel (I per cent car-

bon) k = 0.107 cal cmisec cm C -- Ref. 32.) Consequently A - '0.0005.
With this value of A, Eq. (21) shows that the wall temperature will re-
main within 1 per cent of its original value behind the shock up to
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shock Mach numbers W1 I'8. For the entire range of expansion waves

it wiil remain up to 0.2 per cent of its initial wall temperature. Be-
cause the heat conductivity of metals is several orders greater than
that of the gas, the metal acts as a very large sink and its tempera-
ture remains essentially constant. Mirels (Ref. 31) also shows that
the thickness ratio of the metal thermal boundary layer (AT) and the

gas thermal boundary layer (0T) in the Rayleigh case are of order

unity for a gas like air in a steel shock tube (i.e., ATi•/6TIv 1/-c).

The theory (independent formulations of Refs. 26 and 28) for
the laminar compressible boundary layer (with heat transfer) developed
on the wall behind a plane shock has been substantiated by the work of
Ref. 26, where the density profiles were measured with an interferom-
eter. By assuming that the Crocco relation (Subsec. 2, Ref. 8) applies,
the velocity profiles can be calculated. The results of Ref. 26 appear
in Fig. 3.2-5. The discrepancy at the larger values of n is attributed
to the thin boundary layer (0.3 to 0.6 mm) and other uncertainties.
However, the agreement is considered as "moderately good."

From a computation of the momentum thickness the skin fric-
tion can be found. An independent determination of the skin friction
was also made from the measurements of a 2-micro-inch film heat gauge
(Subsec. 7.3.1). The values checked quite well over the range of the
experiments.

3.2.2 Transition

The problem of predicting transition from a laminar to a tur-

bulent layer is more complex in the case of boundary layers developed

behind travelling shock waves or expansion waves than in steady flows,
owing to the nonstationary nature of the problem. The boundary layer
itself in this case generates disturbances which are propagated by the
characteristic lines throughout the flow. Where the boundary layer
occupies a sizeable fraction of the tube area, the isentropic portion
of the flow is no longer uniform.

However, the transition from a laminar to a turbulent boundary

layer can be studied experimentally using optical methods (shadowgraph,
schlieren, and interferometer) and by means of the thin-film heat gauge
(see Subsec. 7.3.1; a historical note of its development is given in
Ref. 26). It was noted above tha'. for the laminar boundary layer the
wall temperature remains constant. This is indicated by the flat por-
tion of the heat gauge trace (Fig. 3.2-6). When transition to turbulent
flow occurs at the wall, then the curve suddenly rises and becomes some-
what wavy. The time between the passage of the shock over the gauge andtransition to turbulence is given by = (t 3 - t 2 ), and the phenomenon

moves along with the shock speed w. The flow particle which first goes
turbulent on hitting the gauge has been in motion for a total flow time
At = (tý - tl). From the figure,

At _ a + b l ( ÷ u 2 At
a wlT

or (24)
-t 4

SwI u2 v 21
1 2 2

331

546691 0-60-24



3.2.2 NAVORD Report 1488 (Vol. 6, Sec. 18)

That is, the particle transition time is equal to the gauge transition
time multiplied by the stationary velocity factor v 1 /V 2 . In the case

of the Rayleigh boundary layer, when v I/V 2 = 1, then At = T, i.e., the

two transition times are equal, since all particles start instantly.
For the strong shock case, in a perfect gas (y = 1.4) it is sixfold
greater.

It is now possible to define a transition Reynolds number ReT

based on this particle time. The characteristic distance is the par-
ticle time multiplied by the external flow velocity u 2 , and is equiva-

lent to the distance b from the leading edge to the transition point in
the steady case. rhat is, in both cases it is the distance that the
particle has moved with respect to the wall before undergoing transition.

Therefore,

Re u2 b
T Vw(25)

or 2 2

Re 2 Vl =u22 T2 •Vl (25a)
T V w v 2  V2  T1 v2

It should be noted that this ReT is greater by a factor of

V1/V2 than that based on the Rayleigh flow.

From the point of view of the co-ordinates fixed in the shock
wave, an appropriate Reynolds number Re for any distance x measured

behind the shock wave can be defined because x = a is the distance be-
tween the shock and the particle path in question at that station.

Since

b _ u2 At _ u 2  v1

a w 2

therefore 2  2
Re 2 1 ( 26)

1 w v2 Vw w " 2

Equation (26) was derived by Mirels in Ref. 31.

Boundary layer transition has been observed in Refs. 26, 33,
and 34. Studies of transition are reported in Refs. 35 and 36. From
Ref. 35 it appears that ReT based on the Rayleigh relation and free-

stream kinematic viscosity (ReT = u2 2T/v 2 ) has a constant value of

ReT = 3.2 x 105 for shock strengths of P 2 1 = 2.1, 3.2, and 5.5 for

initial p, = 40 mm Hg to 760 mm Hg. From Ref. 36 it appears that Re,
u 2 2 V '

based on Re - '1 las a value of 1/4 to 2 x 10 6 The above
"2 2
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results appear to lie in the same range as steady flow transitions, con-
sidering the surface finish and tube geometry that might influence these
results. The large heat transfer to the wall that occurs for stronger
shocks would have a stabilizing effect on the boundary layer and corres-
pondingly larger transition Reynolds numbers can be expected.

In Ref. 34, it is noted that ReT, as measured from schlieren

and shadowgraph records of the boundary layer, was approximately twice
the value obtained from the microfilm heat gauge. This is not surpris-
Ing, perhaps owing to the aifficulty in fixing the transition point on
a photograph of the boundary layer. Very little experimental work has
been done on the boundary layer behind the rarefaction wave. Some
shadowgraphs of the boundary layer development in this region are given
in Ref. 8.

It may be concluded that at the present time the information
on boundary layer transition in the sh'ock tube is still limited.

3.2.3 Turbulent Boundary Layer

Solutions for the turbulent boundary layer behind moving
shock waves are given in Ref. 31. The same concept is used, i.e., that
it is possible to reduce the problem to a steady-flow case by fixing
the reference axes to the shock front. The usur.l empirical, semi-
infinite flat-plate theory without pressure gradient is applied to the
apparently moving wall in the shock tube.

The integral form of the momentum equation is given by

S2 d M ov !- dydO (27)
T dfx P2 v 2  \v 2  dx (2P2 v 2

0

where 0, as defined by Eq. (27), is the momentum thickness of the bound-
ary layer. (Note, as above, the typed "v" is now the average relative
velocity (w1 - u) whereas the written "%J' is the average velocity com-
ponent in the y-direction in the boundary layer.) If the boundary layer
thickness is given as 6, then a turbulent similarity parameter can bedefined as ý= y/b. The velocity profile relative to the shock-tube

wail is assumed to follow a power law expressed by

-Vl= 1n for 0_ 4t •

•nd (28)

v2 V1 = 1 for 1

The above assumes that the actually existing boundary-layer profile in
the shock tube in region (2) or (3) can be expressed by

1 1
U = n or u n (28a) A
u2  u3
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In what follows, region (2) will be used for illustration, but the same
procedure also applies to region (3). A value of n = 7 is usually ac-
cepted for work in steady flow. However, the data of Ref. 34 indicate
that n = 5 gives a somewhat better fit for shock-tube velocity profiles. j

Similarly, the thermal boundary-layer profile is expressed as
a function of ý by using Crocco's relation (usually used for laminar
boundary layers) which assumes that Pr = 1, or TO = T r, or that the

thermal and velocity profiles have the same thickness (see the biblio-
graphy and remarks in Ref. 34),

T 1 1
P2 T w b - c ~*n)
P2 T Tw )
p T 2  2

for

and

L2 - 1 for ¢_1

P T 2

where

b T 1 , c(--Tiww (29)

It is shown in Ref. 31 that

Tw - T1I ^,PO%for M. = Wl> Il

when

whe2 0.3 . Wl < order of 10 4

Consequently, even for moderately strong shocks, Tw r% T Thus "may

be replaced by T 1 , and Tr by T0 in the above equations. (Since for

air Pr' 0.72, Tr is usually retained to give a "better" estimate af

T/T 2 o)

Since by definition
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and from Eq. (27)
0C

0 P 2 v 2

A substitution of Eqs. (28) and (29) into Eqs. (30) and (31) yields

fn T 2 LV1 v+ I~)n] (32)[ _v- 1n 1 ' (1 -]
(1- -I (3

where the I's are functions of b and c and are defined by the integral,

I 1 =

Ia zad (34)Ia f 1 + bz - cz1

where a (n - 1), n, and (n + 1).

The following results have been developed in Refs. 31 and 34:

V 3/4 L 1/4
v 0.0225 0•v1- ) - 2 (35)

tv P2 v2 22 2

for
1/4 3/4

- v4/5 1.l/2/ '1/5

610.057 - -) IJ - j * (37) 7

•T' 1 "•mP41/ (I - Vl/V')

Cf Re0/5 - 0.092•o[(#l-- Vl T(P . (31)

where Tm 0.5 (Tw + T2) + 0.22 (Tr -T2) (39)
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Tw 0.048$ 0 - (A-' ) (40)

P2 - 2  8 1 7 2 V

for

n 5 , PT / (41)

6/ vi / / - _VI 1/ ( V2 1/ 4

0.13. 0 ,0 (42)

CRel/4  0.195LT 0 1 Yi)" ýPm31  (1-vI V2
fp T I- i/Vm - vI/v 2I

(43)

STw T r -2/3 (44)

22

T 'I 1 2 v2 r
TK 1 + 1 2 (45)

T2 2 T2 CpIm

3
r(0) = (46)

Typical experimental results from Ref. 34 for a 2 x 7-in.
shock tube are shown in Figs. 3.2-7 to 3.2-11. For these data, the
boundary layer thickness 6 was defined as the value of y where
u/u 2 = 0.99 or p 2 /p = 0-996. Since it is difficult to determine 6

accurately, the ratios T/T2 and u/u are plotted against y/6 in

Figs. 3.2-7 and 3.2-8 to avoid scatter, as 6 is an integrated quantity,
and variations in 6 do not affect it strongly. The temperature profiles
are obtained directly from the interferometric density measurements and
the velocity profiles are obtained with the aid of Eq. (29). It is seen
that the experimental values tend to follow the 1/5 rather than the 1/7
power law for the given initial conditions. This in itself may not be
too indicative. The important point is that the analysis is substan-
tiated by the experimental results. The plots of 6, 6*, and 0 appear on
Figs. 3.2-9 and 3.2-10. The experimental points are closer to the 1/5
power law profile for 6, but there is only a small difference between
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, I
the 1/5 and 1/7 power law for the theoretical values of 6 and 0. for
the stronger shock wave (P 2 1 = 8), the scatter in the experimental re-
suits are about 25 to 30 per cent for 6 and 6 at the higher Re (10 ),
and may be due to the fact that the measurements were close to the

eddying contact region. At a fixed Rex, the theoretical values of 6*
are approximately the same for both cases; 6 is greater for P 2 1 = 2.75;
I and 0/6 are greater for P 2 1 = 8.

In Fig. 3.2-11 the local skin friction Cf shows the typical

decline with increasing Reynolds number Re as the boundary layer
x

thickens. For a given Rex, the theoretical skin friction decreases

somewhat with an increase in vl/V2 from 2 to 3.5. The agreement with

theory shown in Fig. 3.2-11(a) is very good for v1I/v 2 = 2, (U 2 1 = 0.79,

M2 = .67, T 2 /Tw = 1.38). The experimental points for vv 2  3.5,

(U 2 1 = 1.88, M2 = 1.25, T 2 /Tw = 2.3) are higher than that piedicted by

theory and are close to the values obtained for v1, v2  2.

It can be concluded that the experimental work of Ref. 34 sub-
stantiates the analysis of Ref. 31 of the zero-pressure-gradient, com-
pressible, turbulent boundary layer developed on the wall of a shock
tube behind a plane shock wave, Similar data for the flow behind a
rarefaction wave are not available as yet. From these results it might
be inferred that the variation of the physical quantities in the flow,
and the shock wave attenuation induced by a thin boundary layer in a
shock tube, should be predictable from the analysis of Refs. 11 and 12.

3.2.4 Boundary-Layer Closure

Of some interest is the distance behind the shock wave when
the wall boundary layers have grown to such an extent that they meet
and a turbulent pipe flow results. This may be illustrated by refer-
ring to Fig. 3.2-G and by assuming that the boundary layer closes at
distance "a" behind the shock wave. It is seen that the total test
time that would be available with a ense of uniform flow is given by 1.
Consequently, there is nothing gained by making the channel longer than
(a + b), that is, this particular particle path now becomes the contact
surface. As a result, the ratio of the total channel length to the
boundary layer closing distance is given by

a + b w- I wVu2 1 P2. .b 1 -(24a)
a v 2  wI u2 u 2 w I P

This ratio has a value of unity for very weak shocks, and a value of
six for strong shocks, in air, considered as a perfect gas. For an im-
perfect gas, the ratio P2. p, depends on the initial pressure and can

exceed six by sizeable factors (see Subsec. L, Supplement B).
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From Eqs. (37) and (42), it is seen that

6 bx bx (47)5 i2(n+3) a(7

Rex Rex

where

b' 1 ' T1

is a function of the shock velocity ratio and the initial conditions.
The parameter a depends on the power index n. If the Reynolds number
is now changed so that it is based on the hydraulic diameter, then

S- or = ( (48)

where

v.2

The results derived from Figs. 3.2-9 and 3.2-10 have been replotted on
Fig. 3.2-12 for a 2 x 7-in. shock tube with D - 3 in, It is seen that
for the case of P2 1 = 2.75 and the given initial conditions in the

channel, Eq. (48) is satisfied using n = 5 as the power index, or
(1 - a) = 0.75. For P21 = 8, 1 - ai- 0.6, or n - 2; however, since

the boundary layer density (velocity) measurements check the n = 5
power law, it can be concluded that for P 2 1  8 the boundary layer

thickness measurements cannot be considered as reliabie as the profile
measurements themselves. Additional experimental results from Ref. 37
(of the boundary layer thickness obtained from schlieren records, in a
1.5 x 2.5-in. shock tube, where the 2.5 in. was used as D, instead of
D r-2 in.) show that for stronger shocks (7 < W11 < 12, p1 = 0.1 atm.)

(1 - a) - 0.9 or n - 17. This apparent power index is rather high for
a turbulent layer.

Under the assumption of a flat plate with zero pressure
gradient, the boundary layer would close at a distance behind the shock
when 5 = 1/2 D, or from Eq. (48),

.1 a
Re = )ReD

From Fig. 3.2-12 it Js seen that the closing distance lies in the range
of 20 < x/D < 140 for the shock strengths hnd initial conditions con-
sidered here. It appears that the closing distance is smaller for
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Observed Flow in a Constant-Area Shock Tube 3.2.5

stronger shocks. A more detailed plot for a range of initial condi-
tions and several power laws might be more revealing. However, in
view of the existing pressure and velocity gradi-:-ts in an actual flaw
it is doubtful whether the boundary layer growth would follow the pre-
dictions of Eqs. (37) and (42), and the above results can be taken .-.. y
as a rough indication of the closing aistance for shock tubes of hydrau-
lic diameters.of 2 to 3 in. and the initial conditions given above.

3.2.5 Reflected Shock-Wave Boundary-Layer Interactions

If the channel is closed, the incident shock wave reflects
and interacts with the boundary layer that it initially induced in the
hot gas. Later, the reflected shock wave refracts at the contact re-
gion and interacts with the boundary layer in the cold region induced
by the rarefaction wave.

The interaction with the boundary layer in the hot region
does not appear to be as severe as that with the eddying region and
the turbulent boundary layer of the cold gas which has passed through
the diaphragm station. Examples of the latter interaction can be seen
on the wave-speed records of Refs. 2 and 10, Subsec. 1; Refs. 48 and
49. Subsec. 2; and Refs. 1, 22, and 22a, Subsec. 3. The instantaneous
spark schlieren photographs and interferograms of the interaction in
the cold region shown in Ref. 22a are especially noteworthy. From the
experimental records one can conclude that even for a relatively weak
reflected shock wave its interaction with the boundary layer in the
cold region leads to severe separation and generates a multiple shock-
wave system similar to that of steady supersonic flow in ducts (Ref. 8,
Subsec. 2; Ref. 22b, Subsec. 3); whereas such a multipie shock-wave
system does not appear to have been observed in the h.t region, where
the flow Reynolds number per foot is smaller, and more severe viscous
effects might have been expected (Ref. 31, Subsec. 2). However, stabi-
lizing effects due to cooling would be greater in the hot gas, as it
has a higher recovery temperature.

The interaction of the reflected shock wave and the boundary
layer in the hot gas has recently been studied theoretically and experi-
mentally by Mark (Ref. 20c). The problem is analyzed in a co-ordinate
system fixed to the reflected shock wave. Consequently, the shock tube
walls and the closed end move with the apparent velocity of the re-
flected shock wave. A simpliiying asQumption is made by considering
the entire boundary layer as havi' )se properties that occur at the
cold wall. That is, a cool jet- rcam moving against the reflected
shock wave.

It is shown that in the laminar case, which lends itself to a
theoretical treatment, three interaction regions exist over the range
of incident shock Mach numbers (M1) that are strongly dependent on the
specific heat ratio for a perfect gas (Y). These regions depend on
whether or not the boundary layer stagnation pressnre (in the steady
co-ordinate system) is greater or less than the flow pressure in the
hot region behind the reflected ahock wave. In the range
1.33 • M1 e 6.45, for 'Y= 1.4, the boundary layer stagnation pressure

is less, and consequently the gas in this jet-like layer rolls up be-
hind the shock wave and grows with time in a pattern that remains geo-
metrically similar. This configuration gives rise to a severe inter-
action that causes a rapid attenuation of the reflected shock wave and
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gives rise to variable flow properties behind it. Above and below this
limiting shock Mach number range, the stagnation pressure of the layer
is greater and the stream can pass under the foot of the shock wave, and
a mild type of interaction occurs. The reflected shock wave and the
state properties behind it are not affected very much. A similar mild
interaction occurs for the turbulent boundary layer (analogous to the
steady type of shock-wave boundary-layer interactions), as it can make
up for any stagnation pressure deficiency by drawing additional energy
from the free stream. In the case of monatomic gases (- = 5/3), the
criticai shock-wave Mach number region shrinks to 1.6 • M1 • 2.8. Con-

sequently, this region is more difficult to observe experimentally, and
the disturbing effect or 'he reflected shock wave and the changes in
state properties behind it would be correspondingly small J.n a monatomic
gas. Recent experimental results (Ref. 20b) appear to substantiate the
above analysis. However, sizeable accelerations occur after reflection,
especially in a triatomic gas (C0 2 ), where the shock has a large bifur-

cation; this has as yet not been resolved.

A similar analysis for the boundary layer in the cold region
has not been done to date. Such theoretical and experimental work
would be very useful in understanding the severe interactions encoun-
tered in this region, as noted in the above references.

Enough data exists to indicate that one must proceed with
some caution (Ref. 20b) vhen using the hot, ideally-stationary gas be-
hind a reflected shock wave for spectroscopic studies or other real gas
flow investigations. Similarly, if the hot gas behind the reflected
shock wave is used to run a hypersonic shock tunnel, additional devia-
tion in flow properties can be expected over and above those which al-
ready exist behind the incident shock wave. These effects will depend
on the type of gas and the state of the boundary layer.
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Observed Fiow in a Constant-Area Shock Tube Table 3.1-1

Table 3.1-1

Speed of sound in gases

Gas Air A CO 2  N 2 0 SF 6

TOc 20 20 20 20 30

7 1.400 1.667 1.290 1.275 1.093

a. 1126 1046 877 872 451

aH 1126 1045 875 455+" ~I.

aS 1126 875 875 455

a =yFfiT ft /sec

aH = Sound speed from head of rarefaction wave

as = Sound speed from weak shocks

7 = As calculated at the given temperature

* = Pressure in chamber was approx. 3 atm

"+ = Pressure in chamber was 750 mm Hg

*1 341
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Tabje 3.1-2

Deviations in state (3) behind the rarefaction wavE
generated in a shuck tube

a) Measured Results

Theory Experiment % Deviation -

P 3 4  .285 A430 +57

To34 .833 .814 -2

A 34 .332 .230 -30 j.

S410 .545 +36

(b) Calculated from (a) (see Ref. 13)

STheory Experiment Yo Deviation

T34 .70 .79 +13

"A3 4  .838 .89 +6

U 3 4  .81 .33 -60

M3  .98 .39 -60

P z 5A 3 4+U 3 4  5 4.78 -4

Q = 5. 3 4 -U 3 4  3.38 4. 15 +23

Note: Since A 3 4 is a largd quantity its influence or P is not too great. Con-

sequently, one cannot use the relation for P to obtain U34 from an experiment-

ally calculated value of A 3 4 . If this is done U 3 4 -5(1 - .89) = .55, whereas it

is .33.

Example from Figs. 3. 1.7 to 3. 1. 11 for P 4 , 10
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Observed Flow in a Constant-Area Shock Tube Table 3.1-3

Table 3.1-3

Imperfect gas properties behind an incident and reflected shock
wave in nitrogen and carbon monoxide (Ref. 20a)

Nitrogen. Id 225 kcal/mole, T, 300'K, a, .354 mm/P see

p mmHg M 1  TK r TK K

0.1 3.59 1000 1760 14.9 .434
1.0 3.59 1000 1760 14.9 .434 -

0.1 4.78 1500 2800 19.9 .515 -

1.0 4.78 1500 2800 19.9 .515 -

0.1 5.74 2000 3740 23.3 .580 .002
1.0 5.74 2000 3780 23.2 .580 .0007

0.1 6.59 2500 4430 36.9 .594 .015

1.0 6.59 2500 4660 26.1 .618 .010

0.1 7.35 3000 4790 31.0 .584 .036
1.0 7.35 3000 5110 29.7 .620 .037

0.1 8.08 3500 5070 35.7 .576 .066
1.0 8.08 3500 5510 33.3 .621 .050

0.1 8.93 4000 5370 42.2 .571 .106
t.0 8.79 4000 5800 37.9 .611 .080

0.1 10.26 4500 5770 55.7 .570
1.0 9.64 4500 6110 42.8 .614 .126

Carbon Monoxide, Id 256 kcal/mole, T) 300°K, a1  .354 mm/p sec

p1 rNip. Hg M r K T OK 51 _______ ____
___1 ° 2 f/1 w 2 mm/,sec 5

0.5 6.41 2350 4500 25.6 616 .0047

5.0 6.37 2325 4500 25.3 .619 .0015

0.5 7.15 2830 5000 29-2 .619 .0185

5.0 6.84 2630 5000 27.1 .639 .0058

0.5 8.22 3580 5500 34.8 .609 .0507

5.0 7.48 3060 5500 29.8 .648 .0182

0.5 9.66 4510 6000 45.3 .593 .114
5.0 8.36 3690 6000 33.8 646 .0433

5.0 9.55 4570 6500 40.6 .637 .090
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Fig. 3.1-la NAVORD Report 1488 (Vol. 6, Sec. 18)

o X=33 IN.
,&X= 50 IN.
81=101 IN.

P41

11.0 16 2-2 2-8 3-4 40 4-6 5-2

Fig. 3,1-1a. Typical variation of shock Mach number with
distncein a3 x3-in, shock tube.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-1b

I i4m
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L
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7 T L.:
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.. . .. . .. ... .. ... ... .

.. .. ... ...... .... L

5.1 
1(

2 1 T
p 3 0 0 IIg1 T
Rc 

4

4L
0 2 4 6 3C ft a 10 12 14

Fig. 3.1-lb. D ist ance a t I t-nuat ion of ShOCk mavvs-, as a I unct ion
of shock st rength; P 21 5.15 to 13.1.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-3b

o .FORMATION
OPTIMUM WI DECREMENT

ATTENUATION
> KX1 f=FORMATION DISTANCE WHERE SHOCK

S-_ .ACCELERATES TO OPTIMUM VEL.

X f -- m- DISTANCE ALONG TUBE (Z)

Fig. 3.1-3a. Representation of the total attenuation in a
shock tube.

P-, I T, R Ms
- 4,580 5 530 8,51

10- 4,381 10 512 8.90
- 4,704 20 542 8.94

I- 1,066 50 518 7.20
8 923 ,00 546 7.03

TuEE I.-. 3.

$s 6.-~.-.

4 -

I I I I I I

- 20 40 60 80 100 120

x, ft

Fig. 3.1-3b. Effect of initial pressure on attenuation with
hydrogen as driver gas (Ref. 7a).
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Fig. 3.1-3c NAVORD Report 1488 (Vol. 6, See. 18)

Driver gos p, mm Hg p4 /pi T OR Ms

9 - Helium 6.5 15,294 539 6.94
Hydrogen 50.0 1,378 553 7.51
Helium 49,0 2,083 528 5.75

7- TuBE I.D. -31

3-

S'I I I I

0 20 40 60 80 00 120 140

X, ft

Fig. 3.1-3c. Comparison of the effects of hydrogen and
helium driver gases on shock-wave attenuation
(Ref. 7a).
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-4
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Fig. 3.1-5 NAVORD Report 1488 (Vul. 6, Sec. 18) 1

- Xf DISTANCE OVER WHICH CONTACT
.1 FRONT DECELERATES

L --- --- R-H) -U1

Xf- DISTANCE ALONG TUBE (M)

1<1g. 3 1- 5. REprosvntatioln ,lo th( vi'1•ocity (U2 1 ) of the trunti

of the zi ntfl t 7.one in al slioVI'k tube.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-6

104- -

oXC =33 IN.ii
I. = 5 0 IN . , 0e8 4
e OC =101 IN. 0
* X =136 IN.

*, , / -Z

P41 __ __ _

L iqs. 12 and 20

1_�_.A Subsec. 2.3.2

I0 /aI.z

10 P_ _ _ __ _

NOTE: EACH CURVEDISPLACED 0,3 TORIGHT OF PREVIOUS ONE

6 18 2-4 30 36 42
0 0 1U21

Fig. 3.1-6. Typical variation of the velocity of the contact
region front with distance ill a 3 x 3-in. shock tube.
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Fig. 3.1-7 NAVORD Report 1488 (Vol. 6, Sec. 18)

I I"oI 0 _

0 -

I- 0
AE -• 11

t• •

_ i
0 w

00

: I U)

Ecd

-40

0~ v0

41) 41II Os. 0I

ODt

"I~

7' 352



Observed Flow in a Constant-Area Shock Tube Fig. 3.1-8
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Fig. 3.1-9 NAVORD Report 1488 (Vol. 6, Sec. 18)
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-10

1.0 I
CALCULATED a

MEASURED (Ref. 14) *

0.8-

"\ \11
0.6 El

THECRY t

0.4

0.2
1 2 3 4 5 R 8 9 10 11

(The values calculated from measured flow parameters are compared
with ideal shock tube theory and with direct measurements.)

Fig. 3.1-10. Variation of density ratio (F' 4 ) across in-

cident rarefaction wave with diaphragm pressure ratio(P 41).
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-12a
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Fig. 3. 1-12b NAVORD Report 1488 (Vol. 6, Sec. 18)
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Observed Flo%~ in a Constant-Area Shock Tube Fig. 3.1-13
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Fig. 3.1-14 NAVORD Report 1488 (Vol. 6, Sec. 18)

p 4

I, run 340

P41 z9.9 2

4

3 _________ ur, 338

P4 2 9.9 0

__ _ __ _ _ run 336 I

419.8 5

al bv

0Fig. 3 a,t IIx
Fi.3.1-14. Pressure as a function of time in a 1-3/8-in.

diameter shock tube at x 3 meters from the diaphragm
station (Ref. 16).

360



Observed FJou in a Constant-Area Shock Tube Fig. 3.1-15

T *

1.0 P4, 1.99

1.9

1,2

1.0 P4 ,= 9.80

.6

1.4-
F41 a49.2 P

.6

.2'

0 0 2 4

S10 2!0 t m-ec 30

Temperature calculated from density and
pressure indication of

Piezo -0---

Bourdon

Ideal theory temperature

Fig. 3.1-15. Temperature derived from pressure and density
measurements as a function of time in a 1-3/8-in. di-
ameter shock tube at x 3 meters (Ref, 16).
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Fig. 3.1-169 NAVORD Report 1488 (Vol. 6, Sec. 18)

1000 I__

I.

EXPERIMENT- -,I00 _

_d4THHEORY'P4,

10•

0 0.2 0.4 06 0.8 1.0 12 14 M

Fig. 3.1-16a. Variation of Mach number (M2 ) Aith diaphragm

pressure ratio (P 4 1 ) case air,,air.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-16b

I04 __K

io3 EXP _R_ __

P..
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Fig. 3.1-16b. Variation ot Mach numnber (M 3 ) milh diaphragir

pressure ratio (p 4 1 ); ease air air.
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SHOCK TU9E COORDINATE SYSTEM

-- NORMAL SHOCK WAVE

0 I I I 1 a , , I * I p a I a a a |

1 5 10 15 20 e5
SHOCK MACH NUMBER Ms= WI!

Fig. 3.1-179. Comparison of flow Mach numbers (M 2 ) in air,

obtained from the Mach angle (P 2 ) caused by a smull

disturbance (scotch tape) on the shock tube wall, with
tiieory cunsidering imperfect gas effects (Ref. 19).
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-17b
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Fig. 3.1-17b. Comparison of flow Mach numbers (M2 ) in air, I
obtained from measurements of the flat plate Mach
angle (u 2 ), with theory considering imperfect gas

effects (Ref. 19a). -
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Fig. 3.1-18 NAVORD Report 1488 (Vol. 6, Sec. 18)
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Fig. 3.1-18. Experimental results for the normal reflection of
a shock wave (Ref. 20).
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-19
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Fig. 3.1-20 NAVORD Report 1488 (Vol. 6, Sec. 18)

90 /

850 S(5)ER
(2) -

7(0 - J _

//
60 A

300

20

1-0 20 30 40 50 60 70

Fig. 3.1-20. Head-on collision of shock and rarefaction waves.
Rarefaction strength P 2 1  0.500.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-21
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Fig. 3.1-21. Variation of the transmitted shock pressure
ratio_(P21) for the refraction of a shock wave at a

contact surface; case air largon, El 5  0.431. J
iI

369

.1i



Fig. 3.1-22 NAVORT' Report 1488 (Vol. 6, Sec. 18)
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(The Mach number of the incident wave (S,) referred to hýlium

is plotted as a reference to show the attenuation. Both Mach
numbers are referrel to the sound speed in air.)

Fig. 3.1-22. Variation of the transmitted shock Mach
number (ST) with the pressure ratio (P 4 5 ) across

the incident shock wave; case airliHe.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-23
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Fig. 3.1-24 NAVORD Report 1488 (Vol. 6, Sec. 18)
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Fig. 3.1-24. Double refraction at a layer of helium showing
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Observed Flow in a Constant-Area Shock Tube Fig. 3.1-25
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Fig. 3.1-26 NAVORD Report 1488 (Vol. 6, Sec. 18)
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Fig. 3.1-26. Variation of the pressure ratio across the rare-
faction waves after the interaction (P 7 4 : P 6 5 ) with the

pressure ratio across the incident raref tction wave (P34)
case airilargon.
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Observed Flow in a Constant-Area Shnck Twibe Fig. 3.1-27
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Fig. 3.1-27. Variation of the pressure ratio across the rare-
faction waves after the interaction (P 7 4 = P 6 5 ) with the
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Fig. 3.1-28 NAVORD Report 1488 (Vol. 3, Sec. 18)
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contact front (P41  17) Hot-wire calibration sig-

nal: 1 kc, 55.2 my rms.
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Observed Flow in a Constant-Area Shock Tube Fig. 3.2-1
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Fig. 3.2-2 NAVORD Report 1488 (Vol. 6, See. 18)
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Observed Flow in a Constant-Area Shock Tube Fig. 3.2-3
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Fig. 3.2-4 NAVORD Report 1488 (Vol. 6, Sec. 18)

S. . . . . . ... .. . _ _.. .. . _

_ _ .- . . .I - -

Limit for Strong Shock

SWeak Shock (Rayleigh) 0

Expansions 4 ......
S(Stationary Wall) Blasius6

0.2 .4 .6 .8 1.0

Reduced Velocity, (vl/v 2 ) _ (v/V,) v1 - v u

(vI/v 2 ) -i v1 - v 2  u 2

Fig. 3.2-4. Boundary layer velocity profiles for a moving
wall . the range of wall to free stream velocity
ratios of 0 v Vl/v 2 i 6 (after Refs. 28 and 31).

1' 2
380



Observed Flow in a Constant-Area Shock Tube Fig. 3.2-5
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Fig. 3.2-6 NAVORD Report 1488 (Vol. 6, Sec. 18)
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Observed Flow in a Constant-Area Shock Tube Fig. 3.2-7
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Fig. 3.2-8 NAVORD Report 1488 (Vol. 6, Sec. 18)
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Fig. 3.2-7).
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observed Flow in a Constant-Area Shock Tube Figi 3.2-9
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Fig. 3.2-10 NAVORD Report 1408 (Vol. 6, Sec. 18)
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Observed Flow in a Constant-Area Shock Tube Fig. 3.2-11
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Fig. 3.2-12 NAVObRD Report 1488 (Vol. 6, Sec. 18)
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Production of Strong Shock Waves 4.1

4. Production of Strong Shock Waves
fi

4.1 Limitations of the Simple Shock Tube

The designation "simple shGck tube" here refers to a single

diaphragm shock tube of constant cross-section area operated with a
cold driver gas, i.e., operated with both driver and driven gases at

room temperature when the diaphragm is ruptured. The limitations of

the simple shock tube for production of strong shocks have been indi-
cated in Subsec. 2.3.2 and will be briefly reviewed here.

The equation relating diaphragm pressure ratio P4 1 = P4/PI

to resulting shock Mach number Ms for the simple shock tube is (from
Subsec. 2.3)

2Y4

F 1) [ 2 p 1

- - LMi~ 25  1~ 4 lA s

where A4 1 = a 4 /aI is the ratio of driver-to-driven gas sound speeds.

The assumptions entering Eq. (1) are:

1. Perfect gases, constant specific heats

2. Perfect diaphragm burst

3. One-dimensional flow without viscosity or heat transfer

With weak and moderate strength shocks, discrepancy between experiment

and Eq. (1) is due chiefly to violation of assumptions 2 and 3 (see Sub-

sec. 3). With strong shocks and large values of P41 however, assump-

tion I will also be violated (see Subsec. 2.3.3). With cold hydrogen

driving air at large P 4 1 , significant variations in specific heat will

occur in both the shock-heated air and the expansion-cooled hydrogen.

Air dissociation and event-;ally ionization will occur behind sufficiently

strong shocks. Thus, for strong shocks Eq. (1) can be taken only as a

useful general guide to tube performance.

As indicated in Subsec. 2.3.2, the two important parameters

governing shock strength are the diaphragm pressure ratio P and the

4141diaphragm sound speed ratio A41 Shock Mach number Us increases mono-

tonically witi both. With the simple shocl tube (cold driver) A4 1 is

fixed by the gas combination used, and P is thus the only variable.

The limiting value of U =l attained asymptotically as P4 1 -- "., A4 1

finite, is from Eq. (1) above:

CY 2

Lirm Ms M = A4 1 + II A 1-s Y(2(1) 414 -IT A41
P41-- 4
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4.1 NAVORD Report 1488 (Vol. 6, Sec. 18)

or

Y14 1

•s • A41 for A4 1 > 1

which indicates a need for large A4 1 and low Y4 to obtain strong shocks.

Little effect can be achieved in practice through the specific heat
ratios Y and Y4. For perfect gases, A4 1 is given by

A 7 4 m 1 T4T
41 Y 1 m 4 T1

where N and m, are the molecular weights, and T4 and T, the initial ab-

solute tempe'atures oi the d.iver anc driven gases, respectively. Thus
with the simple shock tube, where T4 = I' large values of A41 can be

achieved by maximizing ml/m 4 . That is, generation of strong shocks in

the simple shock tube requires a light driver gas and a heavy driven
gas. Thus hydrogen is the most efficient cold driver gas from this
point of view, with helium the next best. Table 4.1-1 shows M* for aS

number of gas combinations. The combination H2 /N 2 is to be preferred

to H2 /Air as hydrogen-oxygen combustion at the contact surface can occur
with the latter.

While hydrogen is superior to helium in the above sense, ex-
perimental results for strong shock waves show that shock wave attenua-
tion with hydrogen drive is much greater than with helium drive. The
attenuation of strong shocks for various driving methods is discussed
in Subsec. 4.4.

Figure 4.1-1 shows Ms as a function of P 4 1 calculated from

Eq. (1) for the gas combinations He/N 2, He/Air, He/A, H2/N 2, H2/Air, and

SH2 /A at cold operation, T4  = T1 . Figures 4.1-2 to 4.1-7 show Ms as a

function of P41 from Eq. (1) for various values of Y4 and Y1, with A41
as independent parameter varying from 1 to c. The latter curves are
generally useful ior considering modified versions of the simple shock

tube (Subsec. 4.2) and will be referred to again. It might be notedhere that the limiting case A P4 1 finite, is approximately at-

tained in practice with so-called "constant-pressure" combustion of the
driver gas (Subsec. 4.2.1) and gives shock pressure ratio P 2 1 ý P 4 1.

Also, it is evident from Figs. 4.1-2 to 4.1-7 th~at a low value of Y4,

as well as a high value of A4 1, is desirable to attain maximum Ms for

given values of P41 and Y1.

As previously noted, Eq. (1) assumes perfect gases and ideal
flow. Figures 4.1-1 to 4.1-7 therefore serve as a general guide only,
If desired, the effects of variable specific heat, dissociation, or
ionization can be taken into account by iterative solution of the ap-
propriate equations for the rarefaction and shock waves (Subsecs. 2.1.5
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Production of Strong Shock Waves 4.1

and 2.2.2) matching pressure and velocity across the contact surface
as discussed in Subsec. 2.3.3. As a first approximation, imperfect
gas effects can be neglected across the rarefaction wave and considered
only across the shock. For this purpose the simple shock tube equation
may be written as

2)'4

P4 2 1_(Y4 2A 1) U21 (2)
41P4 1 =P 2 1  (2)A4

and real gas relations for the shock (see Subsec. 2.2.2 and Supplement D)
used to obtain P21 and U21 for a given Vs and pl. A useful discussion

of the effects'of gas imperfections on shock-tube performance is given
in Ref. 29.

Comparisons of Eq. (1) above with experime. for cold hydrogen
driving argon, and cold helium and hydrogen driving air are shown in
Figs. 4.1-8 and 4.1-9, respectively. In Fig. 4.1-9 the experimental

41 shock Mach numbers are the maximum values attained in the low-pressure
channel (see Fig. 4.4-1, Subsec. 4.4 for the corresponding shock forma-
tion and attenuation results). It will be noted that with both helium
and hydrogen drives (Fig. 4.1-9), particularly with the former, the maxi-
mum experimental shock strengths exceed those calculated assuming equi-
librium air.

As noted in Ref. 2, shock strength may be varied at constant
diaphragm pressure ratio P4 1 by varying the molecular weight m4 of the

cold driver gas. Constant P 4 1 can be convenient in practice in order
to obtain consistent diaphragm rupture. Hydrogen, for example, can be
diluted with nitrogen for this purpose. Assuming perfect gases, then
for the H2 -N 2 mixture

4 7/5 (unchanged)1

m4 = 2.016(PH2/P4) + 28.02(PN2/P4)

P4 PH2 PN2

where pH and refer to the partial pressures of hydrogen and nitro-P2 P2

gen, respectively. The value of Ms given by Eq. (1) for any value of
m4/MI and P4 may be estimated from Figs. 4.1-4 Lnd 4.1-5 with the cor-

responding value of A4 1 .F

As a generator of strong shocks, the simple shock tube driven
by cold hydrogen rapidly becomes less attractive as the shock Mach num-
ber increases beyond 6 or 7 because of the asymptotic approach of ¥ to

s
M* with increasing P4 1. For example, with H 2 /N 2 the multiplication of
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4.1 NAVORD Report 1488 (Vol. 6, See. 18)

P41 required to give unit increase in Ks is about a factor of 2 at
Ms =6, increasing to about 2.5 at Ms = 13. The required values of
P 4 1 at Ms = 7, 10, and 13 are of orders of magnitude 103 , 104, and 105,

respectively. Thus, if extremely low densities in the low-pressure
channel are to be avoided for Ms beyond 10, the required driver-gas
pressure P4 rapidly becomes undesirabiy large from the viewpoint of

compression chamber strength requirements and complexity of the high-
pressure supply. Modifications to the simple shock tube which provide
significant increase in M beyond 10 without impractically high driver

pressures are described in Subsec. 4.2, which follows. Alternative
methods to the conventional diaphragm shock tube for generating strong
shocks are mentioned in Subsec. 4.3.

4.2 Modifications to the Simple Shock Tube

There are two principal modifications commonly made to the
simple shock tube which provide increased shock strength for a given
diaphragm pressure ratio. These modifications are heating of the
driver gas to increase sound speed ratio A4 1 (Subsec. 4.2.1), and varia-

tion of the tube cross-section area (Subsec. 4.2.2). Various combined
modifications are considered in Subsec. 4.2.3.

4.2.1 Heating of Driver Gas in Constant-Area Tube

The increase in shock Mach number V 8 to be expected for in-

creased sound speed ratio A41 at a given diaphragm pressure ratio P4 1

is evident in Figs. 4.1-2 to 4.1-7. With heating of the driver gas,

the value of A4 1 obtained will be proportional to v)/j for a perfect
driver gas, but only approximately so if T4 is sufficiently high to

produce real gas effects as dissociation.

The methods for heating the driver gas which follow are elec-
trical heating, the multiple-diaphragm technique, and combustion heating.

4.2.1.1 Electrical Heating

Possible methods of increasing T4 by electrical means include
the use of direct heating elements placed inside the driver section and
short-duration electrical discharge giving rapid ohmic heating of the
driver gas. Direct heating elements appear impractical for attaining
values of the ratio T4 1 of the order of 3 or more (with T1 = 3000K).
However, this method has been used for limited heating of the driver
gas in the tailored-interface hypersonic shock tunnel (Subsec. 5.1.2.3).
Pulsed electrical discharge heating was suggested as a possibility by
the work of Fowler and associates (Refs. 4, 5, and 6). However, the
method has not been developed to a practical degree for other than small
tubes.
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Production of Strong Shock Waves 4.2.1.1

Fowler and associates studied pulsed discharges through
various gases contained in tee and straight pyrex tubes as shown with
typical dimensions in Fig. 4.2-1. The discharge was obtained using
capacitors with initial stored energies up to about !80 joules. Criti-
cal damping of the discharge with small external resistance resulted in
the discharge current rising to a peak value (typically 5,000 to 10,000
amp) within 2 to 4 microsecs and then decaying to the order of 1/10
peak in about 15 microsecs (Ref. 6). Various gases including hydrogen,
nitrogen, neon, argon, helium,and xenon were used in the discharge tube
at initial pressures ranging from 0.2 to 155 mm Hg and initially at
room temperature.

Initial studies (Ref. 4) at low densities reported the propa-
gation of a "luminous front" down the side tube of the tee following
discharge. Later work (Refs. 5 and 6) with tee and straight tubes con-
firmed that these fronts were shock waves. Apparent shock Mach numbers
obtained ranged from 5 to 30.

As a shock-wave generator, the straight discharge tube of
Fig. 4.2-1 may be roughly analysed as a constant-area shock tube having
driver section A-B and driven section B-C initially filled with the
same gas at the same initial pressures P4i = p1 and temperatures

T4 i = T1 throughout. At discharge, the driver gas in A-B is assumed

to take up a fraction q of the capacitor energy and to be brought in-
stantly to a final equilibrium state (4) (temperature T 4, sound speed

a p1 and isentropic index V4) by ohmic heating at constant

volume. Subsequent generation of a shock wave in the driven gas can
then oe considered to occur as in the simple shock tube with parameters

A41 ý a 4/al P41 = P4/p,, and isentropic index V4 . In Fowler's studies,

final temperatures T4 of the order of 5000 to 25,0009 K were obtained.
For such temperatures, real gas effects as dissociation and ionization
must be considered in calculating the final equilibrium state of the
driver gas. Final pressures P4 obtained were relatively low, however,

as the same low initial pressure was used throughout the discharge tube.
For shock tube purposes, different driver and driven gases separated by
a diaphragm with an initial pressure difference might be advantageous
for production of strong shocks.

One obvious difficulty in this very simplified picture of
electrical discharge drive is ignorance of the factor q giving the frac-
tion of capacitor energy Ec taken up by the driver gas. Equilibrium

calculations of n from Atkinson's results (Ref. 7) for measured shock
speeds and capacitor energies indicate values ranging from the order
of 2 to 20 per cent. In addition to depending on the gas, n increases
with increasing pressure (density).

As a matter of interest, Fig. 4.2-2 is included showing the
results of equilibrium calculations as indicated above for a helium/argon
combination assuming a constant area tube, p1 = 0.1 psi, T4 i = T1  300K,
and P4i = initial driver gas pressure = 10, 1, and 0.1 psi. Shock Each

number Ms is plotted versus energy transferred tv unit volume of driver
gas, (qEc)/V. The final equilibrium state of the driver gas after dis-

charge (T4 , P4, a4 , P4) was calculated assuming adiabatic constant-volume
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heating from addition of energy 'QE per unit volume of driver gasc

taking account of single helium ionization only with no electronic
excitation. Because of neglect of electronic excitation and second
ionization, the results are qualitative only at the lower pressures
(particularly 0.1 psi) and higher energies. The resulting shock Mach
number M was obtained from Eq. (1), Subsec. 4.1, for the corresponding

s *
P4 1 ' A41, Y 4 values and thus assumes ideal one-dimensional flow (no

heat transfer or viscosity) with perfect gas behaviour. The relevant
equations for determining the final equilibrium state of the driver
gas after capacitor discharge are as follows:

Notation: v volume of driver section

R universal gas constant/initial molecular weight of
driver gas = P/m41

Ii ionization energy/unit mass of driver gas

x degree of ionization of driver gas

Ec capacitor energy

R fraction of Ec transferred to driver gas

e internal energy/unit mass

Subscripts: 4 final equilibrium driver gas values after discharge I
4i initial driver gas values

I initial channel gas values

e = 3 ( + x) RT4 +liX (I)e44

Also,
77E

e 4 = Cv4i T4 i + vp 4 i (2)

From (1) and (2), taking T4  =T

2 77Ec 
2 i1xI + -- 3---RT-

1v P4i 3 RTIT41 +x (3)

For helium, li/R 2.841 x 10 5 0K (Ref. 9).

The assumed equation of state for the driver gas is

p/p = (I + x) RT (4)
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For constant volume, P4 = P 4 i and from (4)

p4/P4i (1 + x) T4 1  (5)

To solve for P4, T4 ' x, a third equation is required. This is taken as

the Saha equation (see Supplement B):

1

x [ e T + (6)

assuming single equilibrium ionization and neglecting electronic excita-
tion (valid for small x). For helium, the constants A and B are (Ref. 8,
pp. 79 and 80) A = 52,300 and B = 284,100 for p in psi and T in *K. In
the present case P4  (1 + x) R P4 T4 and Eq. (6) can be put in the
form

x =Di [_I 1] (7)

where T T 3/2

D - - (8)
A P4i e

Equations (3), (5) (7), and (8) enable T 4, P4, and x to be determined

by iteration for .- sumed values of Ec, v, P4i' and T41 = T1. The final

driver sound speed a 4 and isentropic index Y 4 are given by (see, for

example, a general treatment in Ref. 9, pp. 315 to 320; also Supple-
ment B)

a42 P) 4± -iia42 4 P4

\Cv4)2 + x - x

where 2
p4 0 (1 4 x)

and

Cv 4  )(1 x) R + + )x R
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are the specific heat capacities (per unit mass) of the driver gas in

the final equilibrium state. Knowing P4, a4, and 1'4 ' the ratios P411

A41, and Y4 may be substituted into Eq. (1) of Subsec. 4.1 to obtain

MS.

The use of Eq. (1), Subsec. 4.1, for determining Ms will give

only approximate results because of the simplifying assumptions in-
volved. Real gas behaviour, which is neglected in Eq. (1), may be in-
cluded by iterative solution of the flow equations as discussed in
Subsec. 4.1.

The curves of Fig. 4.2-2 suggest that the straight electric
discharge drive-would involve very large energies to generate strong
shocks in equipment of a size suitable for model testing purposes.
For example, to generate a shock of Ms 20 with a driver-section
volume of 100 cu in. (a driver about 3 ft long with 2-in. diameter)

would apparently require of the order of 5 x 104 joules for an initial
helium driver pressure P41 = 10 psi assuming an efficiency of T0 per

cent, 105 joules for P 4 i = I psi assuming an efficiency of 5 per cent,

and at least 2 x 10 5 joules for p4 i 0.1 psi assuming an efficiency of

1 per cent. In Subsec. 4.3 some recent extensions of the discharge
method are described which utilize mi-netic body forces on the driver
gas in addition to ohmic heating. In small-scale equipment this addi-
tional magnetic drive has resulted in shock Mach numbers up to the
order of 300.

4.2.1.2 Multiple-Diaphragm Technique

Several authors (Refs. 2, 10, 11, 12, 13, and 20) have con-
sidered the possibility of using two or more diaphragms in the constant-
area shock tube as a means of heating the driver gas. The basic ar-
rangement is illustrated in Fig. 4.2-3 for the so-called "unsteady-
expansion" method (Refs. 10 and 12) using two diaphragms. Two
high-pressure chambers, 1 and 2, in series constitute the driver section
with an initial pressure i diaphragmaphragm, i.e., P 86 and
Pi6 are > 1. In operatione diaphragm Dar is burst by external mea n s

whereupon resulting shock S6 moves into quiet gas (state 6) which is

thus accelerated, heated, and compressed to uniform state (4). Diaphragm
D2 is assumed to be of such strength as to burst immediately on impact

of shock S6 . The initial resulting channel flow with shock S then re-
sembles that of the conventional shock tube except that driver state (4)
is at increased temperature T4 > T, and has uniform velocity u4 > 0.

The initial resulting Mach number Hs, of shock SB is greater than that

obtained for single diaphragm operation at over-all pressure ratio P 8 1and over-all temperature ratio T 81 .

A second possibility, termed the reflected-shock method
(Refs. 11 and 12), is illustrated in Fig. 4.2-4. The arrangement is
similar to that in Fig. 4.2-3 except that the second diaphragm D2 is
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Senough to withstand impact of shock S6  and is assumed to be

burst by external means at controlled time t after impact. Thus the
D

driver gas (state 4) in this second method is further heated by the

reflection of shock $6, but is also brought to rest, i.e., u 4 = 0.

Again, the initial strength of shock SI is greater than that for single

diaphragm operation at over-all ratios P8 1 and T8 1 = 1.

It is clear that the wave diagrams of Figs. 4.2-3 and 4.2-4
depict only the initial flow in such tubes and that complicated wave

interactions not present in a single diaphragm tube would begin after
a time depending on the gases used, the initial pressures, the inter-
mediate compression chamber length 12, and the time delay tD for second

diaphragm rupture. An important product of such interactions will be
reflected waves which travel in the same direction as, and which even-

tually overtake, shock S1. The reflected waves will, limit the duration

of uniformity of SI and of the flow in regions (2) and (3). In prac-

tice, the first interaction in this respect will involve the first con-
tact surface C1 "•ith the reflected shock S'6 for long time delay tD, or
the overtaking of S'6 by R2 for short time delay tD (Fig. 4.2-4). For

tD = 0 (Fig. 4.2-3), the first interaction will involve R2 and C1.

These wave interactions can be calculated for any specific case by the
methods of Subsec. 2.4. Bird (Ref. 13) has computed several typical
examples. His results show that such interactions can significantly
limit the duration of uniform initial shock Mach number M and that

slthe gain in M.1 due to the double-diaphragm method is eventually can-

celled out by the overtaking reflected waves. The duration of uniform

flow behind the shock S is seriously reduced and in extreme cases may
1

almost vanish. Careful consideration of intermediate chamber length
I2 and test location would be necessary to avoid such limitations.

The initial flow quantities of Figs. 4.2-3 and 4.2-4, such as
Ms1, may be calculated with the methods of Subsec. 2. Henshall (Ref. 12)

gives general formulae for any gas combination assuming perfect gases
and ideal one-dimensional flow. Figure 4.2-5 shows M versus P6 1 for

a double-diaphragm tube having the same gas throughout with V = 1.4.

The optimum P 6 1 giving maximum M. 1 is very nearly (P 8 1 ) 1 / 2 . The re-

sults for the unsteady-expansion and reflected-shock methods are very
nearly the same. Figure 4.2-6 shows similar results calculated by
Yoler (Ref. 11) for He/Air/Air and He/He/Air combinations.

Henshall (Ref. 12) extends the reflected-shock method to in-
clude any number of diaphragms n, each having the pressure ratio (Po)

where P. is the over-all pressure ratio. Theoretical curves of final

shock Mach number U versus n for the same gas throughout with Y = 1.4s
are shown in Fig. 4.2-7.
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It is evident from Figs. 4.2-5 and 4.2-6 that, for the opti-
mum value of P6 1 and at che higher over-all pressure ratios, the double-

diaphragm technique theoretically offers significant percentage increase
in initial shock Mach number (before attenuation by reflected waves)
over that obtained with a single-diaphragm tube having the same over-all
pressure ratio. The extension of the method to higher shock strengths
by means of a tube cross-section area change at the second diaphragm
(Ref. 20) is described in Subsec. 4.2.3. Some recent experimental re-
sults which substantiate the advantages of this technique are given in
Ref. 20a.

4.2.1.3 Comtustion Heating

Combustion of a light gaseous mixture in the driver chamber
with spontaneous diaphragm rupture from the resulting increase in pres-
sure has been found a practical method of raising the driver gas tom-
perature to attain a sound speed significantly greater than that of
cold hydrogen (Refs. 2, 3, 14, 15, 27, 30, and 31). Oxygen-hydrogen
mixtures with either excess hydrogen or helium diluent have been used
to meet the requirements of light products of combustion, high heat of
reaction, availability, mild corrosion, and ease of handling. Unfor-
tunately, the molecular weight of the combustion products is higher than
pure hydrogen, and the temperature rise is limited by dissociation.
Optimum oxygen-hydrogen mixtures provide an increase in sound speed of
the order of 70 to 80 per cent over that for cold hydrogen assuming
adiabatic constant-volume combustion. In the simple constant-area shock
tube this increase in sound speed enables a shock Mach number in air of
around 16 or 17 to be attained for a peak over-all pressure ratio (after

5
combustion) of the order of 10

While providing a significant increase in driver gas sound
speed, combustion heating is not without inherent difficulties. The
resulting primary shock strength and attenuation, and the degree of flow
nonuniformity behind the shock with combustion drive depend very much on
the method of ignition and on the stage of the combustion process at
which the diaphragm ruptures. Various combustion processes approximated
in practice include constant-volume combustion, "constant-pressure" com-
bustion, and detonatioun. Primary shock attenuation is observed to be
greater with all these methods than with cold hydrogen drive (see Sub-
sec. 4.4). Constant-volume combustion produces the lowest primary shock
strength in general, but has the advantage over the other combustion

processes of giving the least shock attenuation.

Adiabatic constant-volume heating is considered in detail be-
low and is followed by brief mention of other combustion methods.

Adiabatic Constant-Vo]ump Heating.--Adiabatic constant-volume
combustion is -approximated in practice by Igniting the (initial) low-
pressure driver mixture at a number of points and using a metal dia-
phragm (Subsec. 6.2.2) designed to burst spontaneously at a pressure
just less than the peak combustion pressure. In actuality, the heating
will not be adiabatic since heat losses occur to the cold driver-section
walls. Also, in most such arrangements some combustion does occur after
diaphragm rupture with adverse effec.s on the resulting flow. Varia-
tions in diaphragm bursting strength must be minimized to attain con-
sistent results froto run to run. Reproducibility of primary shock
strength in practice is typically in the range of 10 to 20 per cent.
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If it is assumed that the driver mixture undergoes adiabatic
constant-volume combustion to a final equilibrium state and this is
followed by instantaneous diaphragm removal, the tube performance can
be calculated. Equilibrium pressure P4 ' temperature T4 , and mixture

composition after combustion may be computed by the methods of Ref. 16.

The corresponding isentropic index Y4 and sound speed a 4 way be ob-

tained by the methods of Ref. 9. According to Ref. 3, good agreement
is obtained between experimental sound speed a and that calculated by

considering water vapour dissociation only (neglecting oxygen and hy-
drogen dissociation). Knowing the equilibrium values of P 4 1, A4 1, and

Y4, the resulting shock Mach number Ms may be obtained as in Subsec. 4.1.

The use of Eq. (1), Subsec. 4.1, for determining Ms will give

only approximate results because of the simplifying assumptions involved.
Real gas behaviour, which is neglected in Eq. (1), may be included by
iterative solution of the flow equations as discussed in Subsec. 4.1.

Figure 4.2-8 from Ref. 27 shows calculated equilibrium values

of a 4 , V 4 , and P4 following adiabatic constant-volume combustion of

stoichiometric oxygen-hydrogen plus helium, and oxygen-excess hydrogen
mixtures. The calculations neglect all dissociation and thus show no
dependence on initial pressure P4i" With excess hydrogen as diluent,

the maximum value of a 4 , occurring for a 92 per cent hydrogen mixture,

is about 1.67 times that for cold hydrogen. The corresponding A4 1 value

with air as the driven gas is about 6.35. With helium diluent, the maxi-
mum sound speed a 4 is about 1.8 times that for cold hydrogen correspond-

ing to an A4 1 value of about 6.85 with driven air. The maximum a with

helium occurs for a helium percentage of about 60. In practice, however,
it has been found necessary to use somewhat leaner mixtures than 60 per
cent in order to avoid unpredictable detonations which give rise to flow
nonuniformities (Refs. 3, 14, 15, and 27). Satisfactory results have
been reported for 80 per cent helium mixtures (Refs. 14, 15, and 27) and
also through the range 70 to 80 per cent (Ref. 3), with the richest he-
lium mixtures usable without detonation depending on such factors as
driver-section geometry, gas mixing, and the number of ignition points.

Figure 4.2-9 from Ref. 27 gives theoretical results illustrat-
ing the relative efficiencies of various combustion mixtures for pro-
ducing strong shock waves in air in a constant-area shock tube. The
calculations assume adiabatic constant-volume combustion in the driver
section foilcved by ideal shock-tube flow. Real gas effects are in-
cluded across the shock wave. Reg&rding the relative me-its of helium
and hydrogen diluents for the produution of strong shocks, it will be
noted that the advantage of higher sound speed with helium is offset by
the lower Y4 obtainable with hydrogen. However, the 70 per cent helium

mixture (curve C) is almost as efficient as the best hydrogen mixture
(curve E) and is to be preferred from the viewpoint of safety.

Various ignition methods used include distributed spark plugs,
distributed fusion plugs containing filament wires fused by electric
discharge, and a single wire which is also fused by electric discharge
stretched along the chamber axis. A number of distributed ignition
points are desirable to promote uniform combustion and avoid detonation.
Thorough mixing of the combustion inixture constituents is necessary to
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achieve consistent results (see also Subsec. 6.1.2). The handli:-,
mixing, and ignition of oxygen and hydrogen should be viewed as a po-
tentially dangerous process (see also Subsec. 6.4).

Sporadic occurrence of detonation in the constant-volume com-
bustion method is undesirable. Apart from flow nonuniformities intro-
duced, the sudden pressure rise due to reflection of a noLmal detonation
wave can be sufficient to remove parts or all of the metal diaphragm,

rather than petal it without loss of weight, which can be very damaging
to the tube and models. It appears that detonation can occur over a
wide range of mixture compositions depending on such factors as chailber
geometry and method of ignition. The possibility of pressure rise due
to detonation occurring should be considered in determining combustion
chamber strength requirements (see Subsec. 6.1.2). In addition to nor-
mal detonation, consideration should be given to the possibility of so-
called over-detonation (see, for example, Ref. 28), a phase in the
formation of normal detonation in which pressures can attain values
three or four times those of normal detonation. For example, Ref. 28
reports measured reflected pressures with over-detonation of stoichiom-
etric hydrogen-air mixtures in a 32-ft long, 3-1/4-in. square tube of
the order of five times those for normal detonation.

Few measurements of actual pressure rise in the driver sec-
tion due to constant-volume combustion have been reported. Reference 27
gives results indicating the maximum experimental ressure increase to
be substantially less (of the order of 30 per cent than theory predicts.

Figure 4.2-10 from Ref. 3 compares experimental and theoreti-cal shock Mach numbers obtained in air by constant-volume combustion of

stoichiometric oxygen-hydrogen plus helium mixtures containing 0.70 to
0.75 moles of helium per mole of mixture. The theoretical combustion
drive curve is calculated for A4 1 = 7.3 and ?4  1.6 using Eq. (2),

Subsec. 4.1, and real gas relations across the shock. The experimental
results are from two tubes: a constant-area tube of 1-1/2-in. diameter,and a stepped tube of 6-1n. diameter driver and 4-in. diameter driven

sections. The results for the stepped tube are converted to equivalent
results for a constant-area tube as outlined in Subsec. 4.2.2. It
should be noted that the experimental results apply about 20 tube diam-
eters from the diaphragm station. The constant-volume combustion drive
is seen to give substantial improvement over cold hydrogen as regards
primary shock strength. As discussed in Subsec. 4.4, however, it has
the disadvantage of producing greater shock attenuation than hydrogen.

Other Combustion Processes.--Two combustion processes other
thad constant-volume combustion that have been used for driver gas heat-
ing are the so-called "constant-pressure" method (Refs. 14 and 27) and
the detonation wave (Refs. 30, 33, and 34). Generally speaking, bothmethods produce stronger shock waves than constant-volume heating, but

they have the disadvantage of considerably increased shock attenuation.

The "constant-pressure" method involves a weak diaphragm in-
tended to rupture immediately after ignition. In this case the drivergas mixture undergoes expansion as combustion proceeds. While produc-

ing stronger shock waves than attainable with constant-volume combus-
tion, constant-pressure heating has not proved too useful because of
large shock attenuation, large decay of pressure behind the shock, and
difficulties in obtaining consistent diaphragm rupture (Ref. 27). The
overtaking wave phenomena discussed below for detonation or combustion
wave heating are likely a contributing factor in this method, also.

404

*1!



Production of Strong Shock Waves 4.2.2.1

Heating by means of combustion or detonation waves is con-
sidered theoretically in Ref. 34. For given initial conditions, ex-
amples are calculated for diaphragm rupture by combustion and detona-
tion waves initiated from either end of the driver section. The
results are compared to those for ideal constant-volume combustion.
From these examples it is evident that the location of the point of
ignition, i.e., whether at the diaphragm or at the tube end, and the
time of diaphragm rupture greatly influence the resulting flow. For
a detonation wave initiated at the tube end which ruptures the dia-
phragm on impact, the -arefaction wave accompanying the detonation
immediately overtakes the primary shock. While the primary shock may
initially be of the order of 50 per cent stronger than with constant-
volume heating, the attached rarefaction attenuates it continuously
and produces a pressure decay in the flow behind. For a detonation
wave initiated at the diaphragm, and with immediate diaphragm rupture,
the primary shock is initially somewhat weaker than with constant-
volume heating but has constant strength until overtaken by the detona-
tion reflected from the tube (driver) end. On being overtaken, the
primary shock is first reinforced and then continuously attenuated by
the rarefaction wave accompanying the detonation.

Experimental results for detonation wave heating (Refs. 30
and 33) qualitatively substantiate the examples calculated in Ref. 34.
The shock attenuation is very large with ignition at the tube end (see
Subsec. 4.4), and a large decay of pressure with time is noted follow-
ing passage of the shock.

4.2.2 Cross-Section Area Change

4.2.2.1 Monotonic Convergence at Diaphragm

The use of a monotonic area reduction from driver to driven
sections as shown in Fig. 4.2-11 provides a stronger shock for given
diaphragm pressure and sound speed ratios than is obtainable in a con-
stant-area tube. Such a convergent shock tube has been considered by
Lukasiewicz (Ref. 17) and others (Refs. 2, 12, 18, and 32). Area re-
duction is sometimes combined with the combustion heating method of Sub-
sec. 4.2.1.3 to minimize the over-all pressure ratio required for strong
shocks.

The improved performance with a monotonic convergence at the
diaphragm results because of the greater efficiency at subsonic speeds
of steady over unsteady expansion in conversion of thermal to kinetic
energy (Ref. 2). At supersonic speeds the reverse is true. The area
change in Fig. 4.2-11 is such as to derive an advantage from this fact
in the two cases shown:

(a) Mach number M3  1

(b) M3 Ž1

Case (a) results from a sufficiently low diaphragm pressure ratio P4 1.

steady subsonic expansion occurs through the area ratio S4. 1 from

uniform state (5) generated by the unsteady rarefaction wave RI to uni-

form subsonic state (3). As P is increased from values giving M3 < 1,

the pressure ratio P4 5 across R and the Mach number H5 increase to
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values P45 cr and M5 cr which give sonic flow in state (3), i.e.,
Me = M3 = 1. For steady isentropic one-dimensional flow P4 5  r and

M5 cr depend only on the contraction ratio S4 /8 1 and V 4 . With further
increase of P 4 1 beyond that giving M13 = Me = 1, the values of P45, xS'

and Me remain fixed at P45 cr' M5 cr' and 1, respectively. Expansion
from M = Me = 1 at station e - e, area S 1 , to -/ = M3 > 1 in state (3)

occurs through the unsteady rarefaction wave R 2, Fig. 4.2-11 (b). The

head of R2 remains at station e - e.

In accordance with what has been said, it can be shown
(Ref. 32) that convergent-divergent geometry with the diaphragm at the
throat, whereby the unsteady expansion R2 may be completely or partially

replaced (depending on P4 1 ) by a steady expansion, is less efficient

for generating strong shocks than the monotonic-convergent geometry of
Fig. 4.2-11 (b). However, the convergent-divergent geometry with steady
expansion throughout is advantageous with the tailored-interface hyper-
sonic shock tunnel as it provides a longer test flow duration (see Sub-see. 5.1.2.3).

Assuming the idealized wave systems of Fig. 4.2-11 to develop
shortly after diaphragm rupture, the convergent-tube performance may be
computed by applying usual steady- and unsteady-flow relations to match
pressure and velocit'y of states (2) and (3). For one-dimensional in-
viscid flow throughout and a perfect driver gas, the relevant equations
for performance are (see, for example, Refs. 18 or 32)

gP4 1 = P 2 1  4 A41 (1)

gL = (Y 4 - I 21 + (4
41 2 A2

g 2+ (2-4 -1) Ne•J ÷ -'v 1) N(2)

""44+
2 1Y 5 2 4 -1 4-1

24 + ( e[2M 2 + (Y4 1) MS'-

2 ' + 5 (Y 4 1) M 2 +13) '

1= 2l U21  (4)
4 4-1

241 (g) (4
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The parameter g, introduced in Ref. 2, is useful for analyz-
Ing the convergent tube in terms of an equivalent constant-area tube.
A comparison of Eq. (1) above with Eq. (2) of Subsec. 4.1 shows that
on the basis of the ideal theory a monotonic convergent tube with dia-
phragm pressure ratio P4 1 and souud speed ratio A4 1 will generate a

shock of strength equal to that obtained in a constant-area tube with
pressure ratio gP4 1 ' sound speed ratio

v 4 -1

A4 1 (g)

equal Y4 , and equal Y 1 . Thus, if the factor g is obtained, the perform-

ance of a convergent tube can be calculated using the constant-area tube

results of Subsec. 4.1. For the subsonic case, M3 < 1, then 3 = Ke

and Eqs. (1) tc (4) may be solved for P4 1 with assumed values of A4 1 ,

V 4 , P 2 1 1 U2 1, and $4/SV1 Curves of g as a function of Y4 F $4/S1' and

U2 1 /A 4 1 given in Ref. 32 facilitate calculation for M3 < 1. For the

supersonic case with 33 > 1, which is of interest for strong shocks,

then M = 1 and g depends only on Y 4 and S4 /S 1 , and may be computed

from Eqs. (2) and (3). curves of g versis Y for M3 Ž 1 and various

contraction rattos S4 /S 1 are given in Fig. 4.2-12.

An alternative method of obtaining convergent-tube perform-
ance than directly in terms of the equivalent constant-area tube is to
use Fig. 4.2-13 (from Ref. 18) containing plots of Eq. (1) above writ-
ten in the form

with

Y = gP41/P21

plotted versus 4- 4

x =U2 (g) 4
AX4 1

for various values of Y4 . As an example, the diaphragm pressure ratio

P41 (peak ratio for combustion driver) required to obtain a given strong

shock Mach number Ms with given drlv,.n gas, S4 /S, A4 1 , and Y4 is ob-

tained as follows. The shock parameters U9 1 and P2 1 are obtained from

M s (Subsec. 2.2) with real gas effects across the shock included if

necessary. Assuming M3 Ž 1, g is -btained from Fig. 4.2-12. Then X
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is determined, and the corresponding value of Y from Fig. 4.2-13 gives

P4 1. The same method may be used for the constant-area tube by taking

g = 1.

The advantage of the monotonic-convergent tube over the con-
stant-area tube in operating at lower diaphragm pressure ratios for a
given shock strength is illustrated in Fig. 4.2-14. Shown are plots
of the ratio of P4 1 for constant area (P 4 1 c-A) to P4 1 for convergence
(P 4 1 con) against shock Mach number Us (same M. in both tubes) for cold

hydrogen driving nitrogen at various contraction ratios S4/SI. The
gain in pressure ratio of the convergent tube is significant. It may
be noted that a contraction ratio 34/S, of about 2.5 achieves approxi-
mately one-half of the maximum possible gain for $4/S1 = 0. In general,
for the same M., a4, a1 , Y 41 values in both tubes (Ref. 18),

[ 1- (74 -1) U2 1  1

P41 c-AP41 con T4-()Ii 1) U2 1 (g - 4
h 2 A41 \ /

Reference 32 reports the results of experimental tests to
check the foregoing theory. The tests were done for contraction ratios
$SO1 of 1.00 and 1.51 using a 3-1/4-in. square section containing air,
nitrogen, or argon and driven by helium or hydrogen. Up to shock Mach
numbers of about 6 (P 4 1 ' 1000), the increase in maximum experimental
shock strength (attained some distance from the diaphragm) due to mono-
tonic convergence at the diaphragm is in very good agreement with
theory. Above diaphragm pressure ratios of about 1000, the theory be-
comes increasingly inadequate in describing tube performance, although
the shock strength increment due to convergence is still predicted with
fair accuracy.

4.2.2.2 monotonic Convergence Along Tube

Impingement of the primary shock wave on a monotonic area re-
duction at some point along the driven section of the tube produces a
transmitted shock wave IT stronger than the incident primary wave Si
(Refs. 2, 12, and 19). The idealized flow some time after impingement
when quasi-steady conditions have been attained is illustrated in
Fig. 4.2-15. With a given area ratio S4 /S 1 and sufficiently weak in-
cident shock Si, case (a) results with Mach number M3 = Me < 1. The

resulting wave system contains reflected shock SR and contact surface
C in addition to transmitted shock ST. Steady subsonic expansion oc-
curs from uniform state (4), area B4, to uniform state (3), area S10
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As the incident shock strength increases, M4 increases until at some

value of M4 = M4 cr choking occurs at the constriction entrance, i.e.,

me = 1. For steady isentropic one-dimensional flow M4 cr depends only

on S4/S1 and Y4 . With further increase in incident shock strength,

M4 remains fixed at M4 cr and the wave system of case (b) Fig. 4.2-15

results. Steady subsonic expansion occurs from 14 = M4 cr at area 54,

to Me =1 at the constriction entrance, area S1 . Further expansion to

supersonic state (3) occurs through the unsteady rarefaction wave, R,
the head of which remains at the constriction entrance.

The wave systems of Figs. 4.2-15 (a) and (b) are similar to
those of Fig. 4.2-11 and may be calculated in a similar manner (as in
Ref. 19) by application of one-dimensional inviscid flow relations
matching pressure and velocity in regions (2) and (3). The calculated
results of Ref. 19 for a monatomic gas (Yv 5/3) show the pressure

ratio P 2 1 of the transmitted shock ST to increase almost linearly with

increasing pressure ratio P 5 1 of the incident shock Si at a given con-

traction ratio $4/S1. The ratio P21/P51 varies from 1.19 at P :1= 3

to 1.25 at P 5 1 = 50 for S4O = 2, from 1.42 at P51 = 6 to 1.48 at

P 5 1 = 50 for S4/S1 = 5, and from 1.60 at PS5 = 6 to 1.69 at P51 = 50
f or S4/S1 .

4.2.3 Combined Modifications and Comparisons of Theoretical Per-
formance

The modifications to the simple shock tube previously de-
scribed, i.e., driver-gas heating and area change, may be combined to
various degrees to improve strong-shock performance. Several authors
(Refs. 2, 11, 12, and 20) have considered a combination of the double-
diaphragm technique with monotonic area reduction at the second dia-
phragm. Figure 4.2--16 illustrates the initial flow with such an
arrangement assuming the second diaphragm D2 to burst immediately on

impact of shock S6 and the flow at the entrance to the driven section,

area $1, to be sonic. Because of the area reduction, immediate rup-

ture of the second diaphragm D2 in this case gives rise to a reflected

shock S'6' This reflected shock does not occur with the Jouble-

diaphragm unsteady-expansion method for a constant-area tube described
in Subsec. 4.2.1.2 and Fig. 4.2-3.

Extensive calculated results are given by Russo and He'tT~berg
(Ref. 20) for the arrangement of Fig. 4.2-16 with the gas combination
hydrogen/inert monatomic buffer gas/air, T 8 = T 6 = T1 , and large con-

traction ratio S6/Sl. The use of an inert monatomic buffer gas elimin-

ates the problem of combustion at the hydrogen-air interface encountered
with direct hydrogen drive and also minimizcs real gas effects. The re-
sults show that for given over-all pressure ratio P8 1 and atomic weight

of the monatomic buffer gas, an optimum value of pressure ratio P 6 1

across the second diaphragm exists for which the Mach number M of
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shock S is a maximum (as for the double-diaphragm constant-area tube,

Subsec. 4.2.1.2). Over a wide range of buffer-gas atomic weights, this
maximum value of Msl is approximately constant. Figure 4.2-17 shows

the calculated performance with argon as the buffer gas. A heavy atomic

weight buffer gas requires low pressure ratio P 6 1 (to achieve maximum

shock strength), and this permits a weak and light second diaphragm
with advantages of reduced downstream tube damage and diaphragm opening
time.

Reference 20 also considers a constant-volume combustion
driver with the double-diaphragm convergent tube. The results for
stoichiometric hydrogen-oxygen diluted with 80 per cent helium (molal
percentage) driving argon as the buffer gas are included in Fig. 4.2-17

for peak over-all pressure ratios of 103 and 104

While the calculated results of Fig. 4.2-17 apply to infinite

contraction ratio S6 /$ 1 , as noted in Subsec. 4.2.2.1, about one-half of

the maximum pressure ratio gain for S6 /S1 = w may be achieved with a

contraction ratio as low as 2.5.

A comparison of theoretical performance for various modifica-
tions to the simple shock tube previously described is given in
Fig. 4.2-18. The curves are based on ideal flow (as Eq. (1), Sub-
sec. 4.1) and assume perfect gases. Infinite contraction ratio is
assumed for the convergent tubes. The comparison indicates the rela-

tive effectiveness for production of strong shocks at a given over-all
pressure ratio of cold-hydrogen drive, constant-volume combusticn drive,
area reduction at the diaphragm, and the double-diaphragm or buffer-gas
technique. It will be noted that the absolute gain in shock Mach num-
ber obtained by addition of area reduction to the simple tube remains
relatively constant with increasing over-all pressure ratio. By com-
parison, the further gain due to addition of a buffer gas (maintained
at optimum pressure for strong-shock production) increases signifi-
cantly with pressure ratio.

4.3 Alternatives to the Diaphragm Shock Tube

For generating strong one-dimensional shocks, alternatives to
the diaphragm shock tube include tubes with magnetic, solid-explosive,
and piston drives.

One type of magnetic drive introduced by Kolb (Ref. 22),

which is an extension of the tee-type pulsed discharge drive used by
Fowler (see Electrical Heating, Subsec. 4.2.1.1), is illustrated in
Fig. 4.3-1. Discharge of a high-voltage low-inductance capacitor pro-
duces discharge current I which is returned through a heavy lead or

strap running adjacent and parallel to the discharge arm and centered
in the x-z plane. The magnetic field at the discharge arm axis (x-axis)
due to the return current is directed along the y-axis as indicated by

the vector Ha . Thus the conducting gas in the discharge region is sub-

jected to a Lorentz force (a i x H) directed along the z-axis. This

magnetic push in addition to the usual ohmic heating obtained (Sub-

sec. 4.2.1.1) has produced shock waves with Mach numbers of the order
of several hundred in small-scale equipment at low initial pressures

410



Production of Strong Shock Waves 4.4

(Ref. 22). Shock strength is observed to reach a maximum a short dis-
tance from the arc and then decay rapidly (Refs. 22 and 23). Ringing
of the discharge circuit produces a succession of secondary shocks.
The production of strong shocks requires a large initial rate of rise
of discharge current. The initial rate of current rise is proportional
to the ratio of discharge voltage to zircuit inductance. Additional
externa' field.strength has been obtained by adding coils, as indicated
in Fig. 4.3-1, which also carry the gas discharge current (Ref. 23), or
which are puls'd independently of the gas discharge (Ref. 22).

A magnetic drive without electrodes has been used at Princeton
University (Ref. 24) to obtain shock Mach numbers exceeding 200 in air
at 0.2 mm Hg pressure. A low-inductance capacitor at high voltage is
discharged through a single or two-turn coil wrapped tightly around a
1-in. diameter quartz tube containing gas at low pressure. The result-
ing induced electric field breaks down the gas to produce circular cur-
rent loops. The latter interact with the magnetic field to give mag-
netic forces acting radially inward. As a result of this magnetic
squeezing, and also the ohmic heating, very strong shocks are produced
moving aloug the tube away 1rom the coil.

Figure 4.3-2 illustrates direct solid-explosive and piston
drives. The soJid-explosive drive with an explosive lens or plane-wave
generator and expendable tube has been extensively developed at Los
Alamos for study of strong plane-shock phenomena (see, for example,
Ref. 25). With the piston drive, the piston may be driven by similar
explosive means (see, for example, Ref. 26) into gas at rest. A shock
wave quickly forms ahead of the piston. If the piston moves at con-
stant speed Up, state (2) behind the shock is uniform and U2 = Up.

The use of such explosive methods at Los Alamos has produced shock
Mach numbers of over 200 in air.

4.4 Attenuation of Strong Shock Waves

Existing theories for shock-wave attenuation and flow non-
uniformities produced by tube wall effects are described in Subsec. 3.
These theories are small perturbation analyses based on the assumption
of a thin boundary layer (relative to the tnbe diameter) producing
small departures from the ideal flow quantities. Also, perfect gas
behaviour is assumed. Generally speaking, the existing theories apply
in the weak shock range (say Ms less than 2 or 3) but do not accurately

vredict the attenuation and flow nonuniformities observed for strong
shock waves at large distances from the diaphragm station (see, for ex-
ample, Ref. 27).

Limited experimental data Eave been published for strong
shock attenuation. The most complete study for a cold driver gas is
that of Ref. 21, done in a constant-area shock tube of 3.75 in. inside
diameter (see also Subsec. 3.1.2). Shock attenuation in air was meas-
ured up to 380 tube diameters from the diaphragm station for shock Mach
numbers between 5 and 10.5 cbtained with cold hydrogen and helium drives.
Initial air pressure ahead of the shock was varied from 5 to 100 am Hg.
For a given shock strength, hydrogen drive was found to give about twice
the rate of wave-speed decay produced with helium drive (see Fig. 4.4-2
lower). Typical results for hydrogen and helium are shown in Figs. 4.4-1
and 4.4-2, respectively. It will be noted that the maximum shock speed
was attained a distance of the order of 60 tube diameters downstream of
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the diaphragm. Over the range of pressures studied, the initial air
pressure had practically no effect on Fhock attenuation.

In addition to measurement of shock speed, the work of Ref. 21
included measurement of wall pressure as a function of time at various
stations along the low-pressure channel. These studies showed a period
of near constant pressure following passage of the shock, after which
the pressure increased significantly with time. Figure 4.4-3 shows
typical results. It will be noted that the pressure increase begins
before arrival of the contact surface, and that the period of constant
pressure is relatively insensitive to distance along the tube. It is
suggested (Ref. 21) that the pressure gradient change may coincide with
wall Loundary-layer transition. Evidently, such strong nonuniform flow
effects can severely limit the usefulness of the shock tube for aero-
dynamic testing.

Experimental studies of strong-shock attenuation and wall
pressure variation for various combustion and detonation drives, as
well as for pure hydrogen and helium, are reported in Refs. 27, 30, and
30a. Reference 30a also reports experimental results for density var±a-
tion with time behind the shock (obtained by an x-ray method) and, in
auý!Lion, estimates the effects of shock attenuation on the flow prop-
erties and quantities such as heat transfer rate and shock detachment
distance. With constant-volume combustion drive, the wall pressure
variation after the shock wave is similar to that with cold hydrogen
or helium drive (i.e., Fig. 4.4-3), and the rate of shock-speed decay
is somewhat less than double that with hydrogen drive. Shock attenua-

tion with detonation-wave heating initiated at the tube end is very
large (typically 3 to 4 per cent per foot for shock Mach numbers around
12, Refs. 30 and 33), and exceeds that for "constant-pressure" combus-
tion. The latter method in turn gives greater attenuation than constant-
volume combustion (Ref. 27). With detonation initiated at the tube end,
and also with "constant-pressure" combustion for sufficient distance
from the diaphragm (Ref. 27), wall pressure is observed to decrease with
time following passage of the shock wave. This suggests overtaking of
the shock by an expansion wave with consequent greater attenuation than
from wall effects alone (see also Subsec. 4.2.1.3).

In summary, the present experimental data on strong-shock at-
tenuation indicate the percentage rate of decay of shock speed to in-
crease strongly with increasing driver-gas sound speed but to be only
weakly dependent on pressure level and shock strength. The various
driving methods in order of increasing shock attenuation are: cold
helium, cold hydrogen, constant-volume combustion, "constant-pressure"
combustion, and detonation initiated at the tube end. Thus the per-
formance advantage of a high-sound-speed driver gas as predicted by
the ideal shock-tube theory (i.e., lower diaphragm pressure ratio) is
somewhat offset in practice by the attendant increase in shock attenua-
tion. In applications where strong-shock attenuation must be minimized,
a relatively inefficient driver gas may thus be a necessary compromise.
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Fig. 4.4-1. Experimental Shock-wave attenuation in air with
distance x from diaphragm for cold hydrogen drive;
constant-area shock tube, 3.75-in. 1.D. (Ref. 21).
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Fig. 4.4-2. Experimental shock-wave attenuation in air with
distance x from diaphragm for cold helium drive and for
cold helium and hydrogen; constant-area shock tube,
3.75-in. I.D. (Ref. 21).
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(t is time following arrival of shock wave at station
x ft from diaphragm.)

Fig. 4.4-3. Extperimental wall pressure results with air in
low-pressure channel fur cold hydrogen drive. Constant-
area shock tube, 3.75-in. I.D. (Ref. 21).
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5. Applications of the Shock Tube

Applications of the shock tube to be outlined in this sub-
section include use as a wind tunnel (Subsee. 5.1) covering both uni-
form or constant-area channel testing (Subsec. 5.1.1) and the hyper-
sonic shock tunnel (Subsec. 5.1.2); use in aerophysics research for
study of phenomena as wave interactions, wave diffraction, transition
fronts, boundary layers, and high-temperature phenomena (Subsec. 5.2);
use in chemical research for combustion and chemical kinetics studies
(Subsec. 5.3); and use for calibration of instruments (Subsec. 5.4).
With such a wide coverage of applications, detailed discussion of the
results of specific researches cited is generally not attempted. Rather,
the intent is to illustrate the method of application and provide suf-
ficient documentation for the reader to pursue further details desired.

5.1 Use as a Wind Tunnel

5.1.1 Shock Tube with Uniform or Constant-Area Channel

5.1.1.1 Use in Subsonic, Transonic, Supersonic, and Hypersonic
Research

The use of the uniform-channel shock tube (i.e., a shock tube
with the low-pressure channel of constant area) as a short duration
wind tunnel for aerodynamic testing has both advantages and disadvan-
tages relative to conventional steady-flow wind tunnels in which equal
flow conditions may be attained. Significant advantages of the shock
tube are the low initial and operating costs, and the ease with which
the flow Mach ,lumber and Reynolds number may be controlled by varying
the initial driving conditions as diaphragm pressure ratio and the
initial channel pressure. Two serious disadvantages are the very short
test-flow durations obtained with tubes of convenient lengths, and the
fact that, in practice, only the relatively low Mach number region (2)
between the primary shock wave and the contact surface provides a use-
ful test flow. In practice, the high theoretical Mach numbers of
region (3) upstream of the contact surface axe not _trained (see Sub-
sec. 3.1), and more important, the flow of region (3) for simple shock
tubes of constant area throughout is found to be too nonuniform to be
useful for testing (Refs. 4, 5, and 14). The resulting limit on flow
Mach number set by the use of region (2) is 1.89 for a perfect diatomic
gas (no excitation of inert degrees of freedom) and from 2 to 3 for
equilibrium air behind strong primary shocks. Despite this Mach number
limitation, however, the uniform-channel shock tube as a wind tunnel

has an important application to hypersonic research, as discussed be-
low, in producing high stagnation temperature conditions not attainable
in conventional wind tunnel facilities.

The principal difficulty resulting from the very short test-

flow durations obtained in the shock tube is the severe requirement
placed on instrumentation response. Typical test times in practice
might lie in the range of 0.1 to 10 millisecs. Non-ideal flow and real
gas effects aggravate the situation. Test-flow duration is further dis-
cussed under Performance below.

The attainment of large model Reynolds numbers in the shock
tube presents a further difficulty, particularly so in the transonic
range. Structural limitations of the high-pressure driver section
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limit the pressure (density) level of region (2) for a given primary
shock strength, %nd the large tube cross-sections required for high
model Reynolds numbers create a difficult diaphragm problem.

The possibility of using the uniform-channel shock tube as
a very short duration, intermittent wind tunnel for aerodynamic testing
was suggested by several workers around 1949 (Refs. 1, 2, and 3).
Geiger, Mautz, and Hollyer (Ref. 4) at the University of Michigan first
used the quasi-steady flow of hot region (2) in this way in a 2 x 7-in.
cross-section tube to study by optical means the development of sub-
sonic, transonic, and supersonic flows about two-dimensional atrfoils.
Similar studies in a 2 x 7-in. tube were done about the same time by
Lobb (Ref. 5) at the University of Toronto who also investigated the
use of cold region (3) upstream of the contact surface. Since these
initial applications, however, the uniform-channel shock tube as a wind
tunnel has not come into common use wherever the same flow conditions
may be attained in conventional wind tunnels giving much longer test-
flow durations. Undoubtedly the difficult instrumentation problem in
the shock tube has been primarily responsible for its limited use in
this direction.

Applications as a wind tunnel which have been made have used
hot region (2) and relied chiefly on the optical instrumentation tech-
niques of shadowgraph, sch]ieren, and interferometry (Subsec. 7.2.1).
In particular, spark interferometry has proved invaluable for quantita-
tive flow studies. In the subsonic to supersonic research fields, the
applications include study of vortex shedding from a circular cylinder
(Ref. 7) and study of the transient aerodynamics of two-dimensional
airfoils subjected to a step shock wave (Ref. 9) at subsonic speeds;
detailed study of flow about two-dimensional wedges (Ref. 8) at tran-
sonic speeds; and study of flow past circular cylinders (Ref. 18) at
supersonic speeds. Reference 15 gives a thorough discussion of appli-
cations to transient aerodynamic and aircraft structures research where
the uniform-channel shock tube provides a unique method of studying
transient response to gust loading (supplied by the primary shock wave).

Although it has seen limited use for conventional subsonic to
supersonic testing, the uniform-channel shock tube now appears to be
coming into common use as a wind tunnel for certain hypersonic studies
where very high stagnation temperature simulation is required with at-
tendant real gas effects, and where flight Bach number simulation can
be disregarded. In this respect, the uniform-channel shock tube can
provide flow conditions not attainable in conventional hypersonic wind
tunnels. The very high stagnation temperature and the stagnation den-
sities appropriate to hypersonic flight can be achieved without diffi-
culty in the flow of hot region (2) behind sufficiently strong shocks.
Kantrowitz (Ref. 10), in 1955, suggested the use of the uniform-channel
shock tube in this way to study certain problems critical to extreme
hypersonic flight, such as the high aerodynamic heat transfer at the
stagnation region of hypersonic blunt bodies. He pointed out that the
high flight stagnation temperatures and stagnation densities (required
to produce the real gas effects of flight) could be attained in region
(2), and that simulation of the stagnation region boundary-layer flow
for blunt bodies would not be seriously limited by the low maximum Mach
number of region (2) since the blunt body stagnation flow was essen-
tially independent of free-stream Mach number above Mach numbers of
about 2. For example, at a free-stream Mach number of 2 (and above)
the pressure distribution over the nose of a hemisphere-cylinder closely
follows the Newtonian approximation, which is independent of Mach number
(Ref. 11).
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Following this philosophy, the AVCO Research Laboratory has
used the uniform-channel shock tube as a short-duration wind tunnel to
simulate and study aerodynamic heat transfer occurring at the stagna-
tion point of a blunt body moving at hypersonic velocities of up to
26,000 ft,sec at altitudes up to 120, 000 ft (Refs. 12 and 13). In
this work, very last reýsponse thin-film resistance thermometers (Sub-
sec. 7.3.1) and calorimeter gauges, (Subsec. 7.3.3) were used to meas-
ure stagnation point heat transfer rates on hemispher.cal pyrex models
in the hot flow of region (2) generated behind shocks of Mach numbers
up to 17 in air. One-half-inch and 1-in, diameter models were employed
in 1-1 2-in, and 4-in, diameter shock tube channels, respectively. The
stagznat ion temperature range of the experiments extend,-d from values
giving negligiblt. air diss'.iatioi, up to values (corresponding to maxi-
mumi flight velocity of 26,000 ft/see) where the ceargy of dissociation
accounted for more than 60 per cent of the total stagnation energy of

Reference 14 reports similar use of a 2-7'8 x 2-7:!8-4n.
shock tube to measure local heat transfer rates over the circumference

of a normal circular cylinder in the hot flow of region (2) behind
shocks of Mach numbers up to 7. A thin-film resistance thermometer of
small dimension in the circumferential direction was used, aiid cylinderI pressure distribution was deduced from the measured heat trans-fez rates.
Thin-film thermometer measurements of turbulent heat transfer rates on
the aft portion and on the flat base of a hemispheýrical nosed cylinder
(axially aligned) in the sarme shock tube are reported in Ref. 14a. Tur-
bulent boundary layer over the cylinder afterbody was ensured by delib-
erate flow separation at the nose,

Figure 5.1-1 from Ref. 12 shows the range of conditi~ns at-
* j tainable in region (2) of the uniform-channel shock tube which produce

the stagnation enthalpy and stagnation density of given flight velocity
and altitude. For both the flight and model stagnatt--n boundary layers
in either thermochemical equilibrium throughout or else of constant
chemical composition (i.e., "frozen" composition) throughout, reproduc-
tion of flight stagnation enthalpy and stagnation density in the shock
tube achieves effectively complete flow simulation, When the stagnation
region boundary layer is neither in equilibrium nor fully "frozen", how-
ever, simulation of the flow chem-stry requires consideration of the
finite atom re~combination rate (Ref. 12).

At the present time at least, the uniform-channel shock tube,
where applicable as a hypersonic facility, has an important advantage
over the hypersonic shock tunnel (Subsec. 5.1.2). This advantage is
the fact that the test-flow properties in the uniform channel (region(2))
may be better determined (from measured shock speed) than those in the
expanded-flow test section of the shock tunnel.

-. 5.1.1.2 Performance

Considerations relevant to the performance of the uniform-
channel shock tube as a wind tunncl using hot region (2) include the
driving method used, the flow properties and aerodynamic parameters
of region (2), and the useful test-flow duration. Driving methods are
covered in Subsee. 4. Test-flow properties and duration are considered
be low.
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Test-Flow Properties.--The general flow properties of hot
region (2) as a nction of rzimary shock strength are covered in Sub-
sec. 2.3.2 (perfect gas) and Subsec. 2.3.3 (real gas). Flow nonunifor-
mities and nonequilibriu.., vffects in region (2) will be elaborated on
here.

Flow nonuniformities in region (2) (Subsec. 3.1.3) resulting
from tube wall boundary-layer development (Subsec. 3.2) require con-
sideration in wind tunnel applications. For sufficiently long hot-flow
duration at the test station, the thickening boundary layer will even-
tually fill the tube cross-section. Thus a criterion for tube cross-
section area is that it be sufficiently large to avoid significant
boundary-layer interference in the desired test-flow duration.

For model testing, the variations of test flow properties
;ith time at the test station are desired as small as possible. How-
ever, somIe variations with time always exist in practice and may neces-
sitate corrections to test results. When the tube wall boundary layer
is thin relati,e to the tube diameter, the methods reviewed in Sub-
sec. 3 will provide an estimate of time variations of flow properties
in region (2) up to moderate shock strengths. In particular, for shock
Mach numbers up to 6 in air, Mirels and Braun (Ref. 17) present results
in convenient grap'.ical form for both laminar and turbulent wall bound-
ary layers. For a given shock strength, if the state of the boundary
layer is known and also the decrement in shock strength at the test
station due to attenuation (calculated from Ref. 17, or measured), the
variations with time of the free stream properties of region (2) at the
test station may be quickly determined.

In wind tunnel applications using region (2) behind primary
shock waves in air strong enough to produce excitation of inert degrees
of freedom, as vibration and dissociation, the question of whether the
test flow is in desired thermodynamic equilibrium is important. For
the diatomic gases oxygen and nitrogen, vibrational relaxation times
have been well enough established (Ref. 16) to permit a reliable answer
for vibration effects. The dissociation relaxation times, however, are
as yet not as well known. Figure 5.1-2 from Ref. 13 gives estimated
vibration and dissociation relaxation distances for region (2) (i.e.,
distances a fluid particle moves, after set into motion by the shock
wave, before thermodynamic equilibrium is attained) as a function of
shock Mach number in air at various densities. For these curves, the

j vibration relaxation times of oxygen and nitrogen in air at a given
total pressure were assumed equal to measured values in either gas alone
at the same pressure. The dissociation relaxation times were calculated

on the basis of a recombination rate constant of 1017 cm6 mole-2 sec-1

for both oxygen and nitrogen in air. The results of Fig. 5.1-2 indicate
a need for care in using the shock tube as a wind tunnel at low den-
sities and with moderately strong shocks where significant non-equilib-
rium effects in the test flow may be present.

Test-Flow Duration.--For steady-flow tests in hot region (2)
the useful test-flow duration is the interval At between arrival of the
primary shock wave and arrival of the contact surface at the m.,del (as-
suming no interference from reflected primary shock or rarefaction
waves), minus the time required for steady flow to develop about the
model. For a given length L of low pressure channel, the optimum

model location xT giving maximum time bt is at the point of collision

of the reflected primary shock with the contact surface, as shown in
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the x, t diagram of Fig. 5.1-3. The minimum length L4 of high piessure

chamber to avoid interference from the reflected rarefaction wave is

that for which the first reflected characteristic C + of the rarefac-

tion wave overtakes the contact surface at xT. Figure 5.1-3 illustrates

the minimum length L4 for a shock tube of constant cross-section area
throughout.

Equations for the dimensionless ratios L1 /(a 1 At), L1/xT, and

1/L 4 are given in Fig. 5.1-3 in a form convenient for taking real-gas

effects into account. It will be noted that the ratios L 1 /(a 1 At) and

LI/xT depend only on the driven gas (state 1) and primary shock Mach

number Ms. The ratio L1 /L 4 , however, depends on the driving method
also, and the expression given is for a constant-area shock tube with
an ideal centered rarefaction wave connnecting regions (4) and (3).
Graphical results computed from these expressions for air as the driven
gas are given as a function of primary shock Mach number in Figs. 5.1-4
to 5.1-7. Results are shown for both equilibrium air in region (2) and
also air as a perf,"ct gas with constant specific heat ratio 1.4. fig-
ure 5.1-4 gives LI/At in ft/millisec for T 1 = 293'K. Figjre 5 .1-5

gives L1/xT. For stronger shocks, the real-gas effects across the

shock are seen to produce a very large reduction in At for a given
channel length L1 . Figures 5.1-6 and 5.1-7 give L 1 /L 4 for air, helium,
hydrogen, and oxygen-hydrogen combustion drives in a constant-area shock
tube. The real-gas effects across the shock wave reduce the required

chamber length L4 for a given channel length L1 (Fig. 5.1-7).

In practice, the contact surface is an extended region of tur-
bulent mixing which arrives at the test station conside.ably sooner
than predicted by theory (Subsec. 3.1). Consequently, the values of
At realized in practice are considerably less than those predicted by
the real-gas curves of Fig. 5.1-4. Reference 14 reports measurements
of At for shock Mach numbers in air from about 4 to 8 in a 2-7/8 by
2-7/8-in. channel driven by cold helium. Scribed metal diaphragms,
generally burst by pressure alone, were used. The measured values of
At at xT = 20 ft are roughly 50 per cent of those predicted by the real-

gas theory. Reference 12 reports experimental results of the same order
for shock Mach numbe-r. in air up to 17.

Rather limited experimental evidence is available as to the

time required for the flow about models to become fully developed after
passage of the primary shock wave. Lukasiewicz (Ref. 6) gives a rough
estimate for flat-plate boundary-layer development as the order of.4 three model chord lengths of flow, assuming a laminar Rayleigh flow
buildup to steady flow Blasius boundary layer displacement thickness
and wall shear stress. In the subsonic range, Ref. 15 reports that the
circulation development about two-dimensional airfoil models is sub-
stantially complete experimentally after 10 chord lengths of flow. For
supersonic flow in region (2), attached shocks about models will form
very rapidly, while detached shocks will require some time to reach the
stable detached position. Figures 5.1-8 and 5.1-9 from Ref. 4 show
measured detached bow-shock positions as a function of time after pas-
sage of the tube primary shock wave for 30-degree and 45-degree wedge-
tipped two-dimensional bodies of various thicknesses. The time required
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for the detached shock to reach the stable position Increases as the
flow Mach number U 2 approaches 1. Reference 4 points out that the flow

near the trailing edge and at points away from the body mnay be changing
for some time after the central portion of the detached shock has sta-
bilized. In this connection, it is evident also that the body wave
system interacts witA the shock-tube wall boundary-layer (Subsec. 3.2)
which is continually thickening with time.

Stagnation point heat transfer measurements on blunt bodies
located in the flou of region (2) generated by strong shocks show
steady-flow heat transfer rates to be attained very quickly (Refs. 12
and 14). The results of Ref. 12, for example, at a snock Mach number
of 13 in air show steady-flow heat transfer to be attained at the stag-
nation point of a 1/2-in. diameter hemisphere-cylinder within about 10
microsec following passage of the primary shock. Similar measurements
of Ref. 14 for a li4-in. diameter circular cylinder normal to the flow

and qhock Mach numbers around 5 show steady-flow stagnation line heat
transfer to result after some 25 to 30 microsec.

Little appears to be known of the times required for the base

region and wake flows to become fully established. Shock-tube heat-
transfer measurements on the flat base if a hemispherical nosed cylinder
aligned with the flow are reported in Ref. 14a. The experiments were

done in a 2-7/8 by 2-7/8-in. tube with a 3/4-in. diameter, 2-5/8-in.
long model at shock Mach numbers between 3.5 and 4 (limited by choking).
initial air pressures p, ranged from 3 to 17 cm Hg giving Reyn)lds num-

4 -
ber per cm from 3.5 x 10 to 3 x 105. Turbulent boundary layer over 4
the cylinder afterbody was a-hieved by using a spike at the nose to pro-
duce flow separation and rekttachment. The base heat-transfer results
indicate a constant heat-transfer rate to be established after about 100
to 150 microsec of shock-induced flow. Further studies of the establish-
ment of base and wake flows are needed before shock-tube model flow
studies can be interpreted with confidence.

5.1.1.3 Instrumentation

General shock-tube instrumentation is considered in detail in
Subsec. 7. The basic experimental parameter measured in shock-tube
tests is the primary shock wave speed. This can be measured accurately
by the methods of Subsec. 7.4.1, and from its value the flow properties
of region (2) can be determined. A measure of shock wave attenuation
is also desirable for purposes of estimating variations of test-flow
properties with time at the test station.

The optical techniques of shadowgraph, schlieren, and inter-
ferometry are very useful for shock-tube studies of flcw fields about
models (Subsec. 7.2.1). Their effective response time can be reduced
below one microsecond by the use of very short duration light sources
(Subsec. 7.2.1.5). In particular, spark interterometry has proved very
useful for quantitative determination of density throughout two-dimen-
sional flow fields.

Heat transfer measurement in the short flow times available
in the shock tube has become possible with the development of fast-
response thin-film resistance thermometers (Subsec. 7.3.1) and the
fast-response calorimeter gauge (Subsec. 7.3.3).
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Much r(-main± to be d,)ne in the developiment 01 srmall fast-
"r'es ponse pt-essuie t-a l-lsdo(t r', suitable, for direct measu.rement of model
prso.sure di s t rri but iorns ( Sbse . 7 . 1 . 2) . uevelopment of di ret torce
iiiasrirtng instrumentat ion has received litt le at tent ion a.s >ct (Sub-
sec. 7•.•8).

5.1.2 Hyper'SoMnit Shock Tunnels

5.1.2.1 Gener-al Charneteri,-t ics

fHlertzberg in 1951 (Ref. 20) demonstrated that the Mach num-
ber iimitation of hot rcgion (2) in thie unilorm-chsnnt! shock tune
couuld be ove'trcome by ,xpanding the. hot flow in a divergent norl re
fittLed to the turd of the low-pressurt chanocIl. He pointed out that by
using sulficiently high t emperat ore-; in region (2) (determined by pri-
mary ,-hock s-Ltr-riLgth) aix- in region (2) could be expanded to) high hyper-
sonic Mach numbeirs with static temperatures after exprins;iori amply high
enough to avoid tihe conventional hypers.onic wind tunnel problem of air
liquifaction. Since 1951, the developmcnt of the hylpersonic shock ttn-

Ss, Ie 1 as a practical facility foer hypersonic testing beyond the range of
conventiorral blo%-dun tunnels has been vigorously pursued (r,.g., R, is.
20 to 30, inclusive). In particular, in the U.S.A. thi' Cornell Ac-ro-
nautical Laboratory has been actLive in this development (Reis. 20, 23,

. 24. 25, 26, and 27). Shock tunnel facilities have also appeared re-
cently in thet, United Kingdom (Rets. 28, 29, 30, and 32).

It is too early yet to predict the ultimate usefulness of
shock tunnels as practical hypersonic test facilities. The bulk of
thir effort to date has gone into basic devlonpme'ut of shock-tunnel
technique. Emphasis has been placed on development of model and tun-
nel instrumentation, and in overcoming tunnel start ing losses and
problems associated with primary shock wave atte-nuation and boundary-
layer buildup such as limitation of test-flow duration and variation
of test-flow properties with time. The most promising technique in
development at the present time appears to be the so-called tailored-
interface reflected-shock method (Rets. 27 and 94) described below,
which avoids the boundary-layer difficulties of the non-reflected
method and provides milliseconds of test-flow duration.

jI While the short durations of (high stagnation temperature)
shock-tunnel flows avoid severe structural and metallurgical problems
due to heating, the resulting instrumentation difficulties are well
known. While model heat-transfer rates are now measurable in the
shock tunnel with the development of fast response thin-film and calo-
rimeter heat-transfer gauges (Subsec. 7.3), much remains to be done on
development of model-mounted pressure transducers and direct force
measuring instrumentation. The accurate determination of the test-
section fluw properties also remains an outstanding problem.

Regarding simulation, the hypersonic shock tunnels as hither-
to developed cannot simulate simultaneously all parameters of interest

AI such as Mach number, model Reynolds number, stagnation temperature, and
ratio of (heated) model siurface to static stream temperature. However,

That is, uniform-channel shock tube plus divergent nozzle and te:t
section; also referred to as an impulse tunnel.
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this situation is more nsual than not in wind tunnel facilities of any
kind. In the shock tunnel, hypersonic flight Mach number and stagna-
tion temperature simulation is ponssble with sacrifice of desired model
Reynolds number, although the Reynolds numbers attainable in moderate
installations are adequate to give useful data. By lowering the test-
flow static temperature to near the liquifaction limit and retaining
the Mach number(itsing same nozzle but a weaker primary shock wave) the
Reynolds number is improved considerably and the ratio of model-surface
temperature to free-stream static temperature becomes realistically
larger. However, the test-flow stagnation temperature is below that
of flight. Stagnatign temperature and density (or Reynolds number)
simulation can be obtained by sacrificing Mach number, and the limiting
method here is testing in a uniform channel as discussed in Sub-
see. 5.1.1.

Numerous possible methods of using the shock tube for the
generation of high Mach number flows are described in Ref. 23. Three
methods in present use are briefly outlined below. These are the so-
"called non-reflected or straight through method, the (tailored-inter-
face) reflected shock method, and the hypersonic gun tunnel.

5.1.2.2 Non-Reflected Shock Tunnels

In the non-reflected method (Ref. 23) the primary shock wave
travels directly through a diverging nozzle and test section after
reaching the end of the low-pressure channel as shown in Fig. 5.1-10.
The nozzle expands the hot flow of region (25 at supersonic Mach number
M 2 to the higher test Mach number MT. If region (2) is suhsontc, the

nozzle must have an initial contraction to a sonic throat preceding the
divergence. The test section is followed by a receiver vessel designed
to avoid interference from reflection of the primary wave system which
initiates flow in the nozzle. A schematic drawing of a hypersonic
shock tunnel employing two-stage bilateral expansion in use at the
Cornell Aeronautical Laboratory, Buffalo, N. Y., is shown in Fig. 5.1-11.

If the primary shock Mach number Ms is relatively large, M2

is close to its asymptotic limit and relatively independent of Ms.

Thus, for fixed nozzle geometry, MT is independent of Ms also. Test-

section static temperature can then be varied at constant UT by varying

S . Test section density is controlled by MU and the initial channel

density in region (M).

The flow in the nozzle and test section requires a finite
time to be established, and this results in a certain unavoidable loss
of useful testing time fron the nominal value of Fig. 5.1-10. The pri-
mary shock wave is continuously weakened (and curved) as it travels
through the diverging nozzle. The low-pressure channel flow behind
region (2) with M2 > 1 undergoes steady expansion in the nozzle, and

in effect overexpands. Its pressure and velocity from steady expansion
are matched to those induced by the weakening primary shock by forma-

_A tion of a secondary shock wave which faces upstream but is swept down-
stream. The secondary wave strengthens as it moves downstream, and for
sufficiently large nozzle expansions it can strengthen to the point
where it becomes stationary with respect to the nozzle walls. To avoid
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this condition which prevents the nozzle from starting, and to minimize

starting time, a weak secondary dinphragm is used at the nozzle entrance
(Fig. 5.1-10), and the nozzle in highly pro-evacuated so that the ini-
tial nczzle pressure P3 I. less than p1 . Pre-evacuation of the nozzle
weakens the secondary shock wave and reduces the tine for it to be
swept through the nozzle. Minimum starting time results when p 3 Is

sufficiently low to allow the secondary shock to become a sound wave
which Is swept through the nozzle at local speed (u - a), as iu
Fig. 5.1-10.

Uniform flow ceases at the test section on arrival of a wave
of speed u + a generated when the primary contact surface or interface
reaches the end of the low-pressure channel. The minimum loss in test-
Ing time due to nozzle starting is thin the difference in times takenfor the u - a and u + a waves to traverse the nomzle. References 24
and 29 consider the nozzle starting phenomena in detail and give quan-

titative results for starting losses. Clearly, the nozzle length
should be ar short as possible to minimize these losses.

To date, nozzle construction has been simplified by the use
of straight walled source-flow nozzlas rather than the Busemann type
giving parallel flow. To limit test-section size and avoid excessive
boundary-layer buildup, the nozzle expansion may be done in two stages
(Ref. 23) as Indicated in Fig. 5.1-10. Only a small central core of
uniforu flow is expanded In the second stage; the remainder, including
the shock-tube wall boundary-layer flow is bypassed (see also
Fig. 5.1-11). With strong primary shock waves giving high temperature
T 2 with air, real-gas effects in the nozzle are significant (Ref. 25).

For example, the required nozzle expansion ratio for a given test Mach
number is considerably increased with equilibrium air flow over that
for perfect air flow with constant specific heat ratio 1.4. Signifi-
cant departures from equilibrium flow may be expected with sufficiently
large nozzle cooling rates, although nonequilibrium effects will gen-
erally be smaller in non-reflected than in reflected shock tunnels.
Relaxation phenomena to be expected from the rapid expansions in hyper
sonic nozzles are considered in Ref. 16. Calculations of Ref. 16 in-
dicate that frozen flow near the nozzle entrance due to extreme cooling
rates there can reduce the final equilibrium test-section Mach number
by the order of 50 per cent. Calculation of test-section flow proper-
ties from measured test Mach number assuming equilibrium flow through-
out Com result in large errors (particularly in pressure) if the early
nozzle flow it frozen. It is evident that much further work is re-
quired (in particular, experimental studies) before nonequilibrium
effects in hypersonic nozzles are well understood.

Real-gas effects also have considerable influence on other

shock-tunnel parameters as testing time and test-section Reynolds num-
ber. For example, at a test Mach number of 10, the (equilibrium) test
Reynolds number is reduced by a factor of the order of 10 from the
ideal gas value. Perfect-gas testing times are roughly halved for high
Mach numbei6 when real-gas effects are considered. Detailed considera-
tion of the effects of equilibrium real-gas behaviour on shock-tunnel
performance is given in Ref. 25.

An outstanding problem encountered with the non-reflected
method is the boundary-layer development on the low-pressure channel
walls and the consequent attenuation of the primary shock wave (see
Subsecs. 3.2 and 4.4, and Ref. 23). The most serious difficulty aris-
ing from the boundary-layer buildup in the consequent nonuniformity of
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the region (2) free-stream flow. As a result, the flow entering the
hypersonic nozzle, and thus the expanded test-section flow downstream,
will undergo some variation with time throughout the test-flow duration.
The boundarylayer buildup also limits the useful time attainable If the
plane of boundary-layer closing (i.e., the plane where the thickening
boundary layer first fills the channel completely) arrives at the end
of the low-pressure channel before the contact surface. The problem is
aggravated by the long low-pressure channel lengths required to achieve
adequate test times (e.g., 40 to 50 ft for 1/? sillisec at a test Mach
number of 15).

Considerations of the time required for steady flow to be
established about a model after pausage of the primary shock wave are
given in Subsec. 5.1.1.2, under Test-Flow Duration. Suitable shock
tunnel driving methods for generation of strong shocks are describedin Subsec. 4.

Detailed performance curves for the non-reflected shock tun-
nel may be found in the references cited. Illustrative results for air
considered as a perfect gas with constant specific heat ratio 1.4 are

shown In Figs. 5.1-12* and 5.1-13%. Figure 5.1-12 gives primary shock
Mach number Ms required to obtain (perfect-gas) flight stagnation tem-

perature for a flight Mach number Mf with test sectiou static tempera-

ture TT maintained at 218*K corresponding to the isothermal stratosphere.

Results are shown for both the non-reflected method and the reflected
method discussed below. Figure 5.1-13 gives test section Reynolds num-
ber as a function of flight Mach number Mf for stagnation temperatures

equal to those in flight. The test section Mach number iT Is a param-

eter. The curve marked complete simulation represents complete expan-
sion from Mach number M2 to flight Mach number Mf (TT = 218 K). Curves

of constant XT represent incomplete expansion from M2 to XT < Mr, with
TT > 218*K. Nominal testing time, determined by the time difference in

arrival of the primary shock and contact surface at the end of the low-
pressure channel, is shown In Fig. 5.1-14.

5.1.2.3 Reflected-8hock Tunnels

In the reflected-shock tunnel (Ref. 23), the low-pressure
channel is terminated with a converging-diverging hypersonic nozzle as
illustrated in Fig. 5.1-15. The area contraction in such as to strongly
reflect the incident primary shock wave, thus creating a reservoir of
nearly stationary hot gas in region (5). This hot gas then expands
through the nozzle to the desired test-section conditions. The test-
flow duratiob is limited by arrival at the nozzle entrance of a shock
wave generated from interaction of the reflected primary shock wave
with a contact surface.

It is emphasized that these results are illustrative only, given for
purposes of comparison of reflected and non-reflected methods. Real
gas effects reduce the Repnolds numbers considerably below the values
shown.
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Compared to the non-reflected method, the reflected method

offers only slight increase in nominal testing time per foot. However,
some alleviation Is obtained from the difficulties caused by channel-
wall boundary-layer development. The nozzle starting phenomena and
losses are very similar to those for no reflection, and a second dia-
phragm with pre-evacuation of the nozzle 15 also required. For equal
static pressures at the end of the low-pressure channel during flow
through the nozzle (non-reflected P 2 = reflected pS), the test-section

Reynolds number is considerably less with reflection (see Fig. 5.1-17).
Thus increased pressures and a correspondingly reinforced low-pressure
channel are required to attain the non-reflected Reynolds numbers.
Other disadvantages of the reflected methcd include increased real-gas
effects, and nozzle erosion and damage due to higher static tempera-
tures and densities.

A modification of the above reflected-shock method termed the
tailored-interface method (Refs. 23, 27, and 94) offers greatly in-
creased testing time per foot of low-pressure channel with consequent
elimination of the difficulties In the non-reflected method from bound-
ary-layer development behind the primary shock wave. With the tailored-
interface method, the contact surface or interface Is "tailored" so
that on interaction with the reflected primary shock wave, no reflected
shock wave is generated. The maximum nominal testing time is then lim-
ited by the overtaking of the interface by a nonsteady rarefaction wave

' as ilistrated in Fig. 5.1-16 (a). Theoretical nominal testing times
per foot are of the order of 10 times those for the non-reflected tun-
nel (F4•. 5.1-14).

Figure 5.1-16 (b) illustrates a second variation of the
tailored-interface method. Here, the nonsteady rarefaction wave which
limits the maximum testing time in the arrangement of Fig. 5.1-16 (a)
is replaced by a steady expansion through addition of a divergence
downstream of the diaphragm. Thus the maximum testing time is deter-
mined by overtaking of the interface by the shock wave reflected from
the diaphragm station. The theoretical increase in testing time per
foot of channel over the non-reflected tunnel is about a factor of 25
(Fig. 5.1-14).

Tailoring of the interface to avoid shock reflection is ac-
complished by careful adjustment of the driver gas initial conditions.
With air as the driven Sas, cold hydrogen and helium driver mixtures
produce a tailored interface up to stagnation temperatures equivalent
to flight Mach numbers of 10. Tailoring is achieved up to Mach 15 with
cold hydrogen driving a buffer gas (Subsec. 4.2.3), or with hydrogen
preheated to about 600*K in a single diaphragm tube (Refs. 27 and 94).

Except for the greatly Increased testing times attainable
with tailoring, performance of the tailored-interface method is Identi-
cal to that for the simple reflected-shock method. Figures 5.1-12 and
5.1-17 give theoretical primary shock Mach number and test Reynolds
number, respectively, as functions of flight Mach number for simulation
of flight stagnation temperature assuming air as a perfect gas. De-
spite its added complexity, the tailored-interface method is attractive
because of the possibility of very large gains in testing time and al-
leviation of the boundary-layer problem. Referenac 94 gives detailed
real-gas performance curves for the tailored-interface tunnel and re-
ports initial tests with such a tunnel done at the Cornell Aeronautical
Laboratory, Inc., Buffalo, N. Y. The tests indicate that the theoreti-
cal advantages of the tailored-interface method can be realized to a
substantial degree in practice.
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5.1.2.4 Hypersonic Gun Tunnels

In the so-called "hypersonic gun" tunnels, a light piston is
projected at supersonic speed into a closed barrel. The accelerating
piston generates a shock wave which undergoes multiple reflections
(from the piston and closed barrel end) and heats the gas nonisentrop-
ically to a high temperature. In a short time the piston comes to rest
with the pressure equilibrated throughout. The hot stagnant gas is
then expanded through a suitable nozzle at the barrel end.

Such a method has been employed at the Ames Laboratory
(Ref. 31) using a nylon piston driven by a powder charge. Stagnation
temperatures of around 1400*K at Mach numbers of 10 were obtained.
Reference 32 describes a small gua tunnel in which a light compressed
gas is used as a more efficient means of driving the piston, thereby
increasing the stagnation temperatures obtainable. The testing times
attainable in these tunnels are very long by comparison to the shock
tunnels--of the order of hundreds of milliseconds--and melting of the
nozzle throat can be a limiting factor. The instrumentation problems
are accordingly less difficult with the long test times.

The gun tunnel Is very similar to the equilibrium-interface
modification of the shock tunnel described in Ref. 23. Here, the pri-
mary shock wave is reflected fromthe end of the low-pressure channel,
but the interface is not tailored. Multiple shock reflections in this
case occur from the tube end and from the moving interface. In the gun
tunnel, the piston replaces the gas interface, and this has the advan-
tages of providing stronger shock reflection and avoiding mixing of the
driver and driven gases. However, construction of the low-pressure
channel (or barrel) with the gun tunnel Is complicated by the necessity
for a very close-fitting but free-moving piston.

The gun tunnel has thus far been used to obtain only rela-
tively low stagnation temperatures of the order of 1400oK and less. I
Further studies are required to fully assess the properties and uni-
formity of the test flows produced. As mentioned the testing times
attainable (after pressure equilibrium is. reached) may be several
orders of magnitude greater than those in the shock tunnel. At the
stagnation temperatures obtained thus far, the heat losses from the
gas in the initial period of time required for pressure equilibration
(of the order of 50 millisec in the tunnel of Ref. 32) are not too
serious. With increasing temperatures, however, the heat losses in
this initial period, particularly radiation losses, will evenually don-
inate and impose a practical upper limit on attainable stagnation tem-
perature. Thus the advantage of the gun tunnel over the shock tunnel
in providing much longer testing times is probably limited to a range
of relatively low stagnation temperatures.

5.2 Use in Aerophysics Research

5.2.1 Wave-Interaction and Non-Planar Wave Phenomena

The uniform-channel shock tube has been used extensively for
studies of various one-dimensional wave interactions involving collision
and overtaking of shock waves, rarefaction waves, and contact surfaces.
Many interactions of this type have been investigated by Glass and col-
leagues at the University of Toronto (Ref. 40; also Subsec. 2.4). The
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results of some particular studies are given in Subsec. 3.1.4. Prin-
cipally, optical instrumentation has been used. In particular, the
wave-speed Echlieren technique (Subsec. 7.2.1.3), which provides a
photographic distance-time record of moving density disturbances, has
proved very useful for such work.

In addition to one-dimensional wave interactions, numerous
two-dimensional wave interactions have also been studied in the shock
tube. Groups at Princeton University under Bleakney and at the Univer-
sity of Michigan under Laporte have been active in this area. The op-
tical methods of shadowgraph, schlieren, and interferometry (Sub-
sec. 7.2.1) have been extensively used to investigate such problems as
oblique-shock reflection from plane walls (e.g., Refs. 33 and 34), ob-
lique-shock refraction at a plane gaseous interface (e.g., Ref 34)
and shock-wave diffraction about solid bodies (e.g., Refs. 36 and 31).
Interferometry has proved particularly useful in such two-dimensional
studies for the quantitative determination of density variation through-
out the flow field. The literature in this area of shock-tube research
has now become quite extensive, particularly with regard to diffraction
studies, and the above references are exemplary only. Reference 38
provides a brief but useful review of much of the work on two-dimen-
sional shock-wave phenomena up to 1954.

Novel modifications of the constant-area shock tube have been
used to generate segments of cylindrical and spherical shock waves.
Reference 96 describes a wedge tube for cylindrical waves, and Ref. 97
a pyramidal, square cross-section tube for spherical waves. A complete
extension of the latter for spherical waves is the shock sphere
(Ref. 98) which has the advantage of avoiding any boundary layer ef-
fects. Regarding simulation of the peaked pressure profiJes of blast
waves, this is feasible in the conventional uniform shock tube by use
of a short-length driver section such that the expansion wave reflects
to overtake and decay the shock.

5.2.2 Condensation Phenomena

The low temperatures and rapid cooling attainable with strong
unsteady rarefaction waves generated in the shock tube offer the pos-
sibility of studying various aspects of gas condensation phenomena. To
date, very limited use has been made of the shock tube in this way.
Shadowgraph studies of the formation of condensation shocks near the
diaphragm station were made by Lee (Ref. 39). Reference 40 shows wave-
speed schlieren records of saturated air flow near the diaphragm with
condensation shocks present. Wegner and Lundquist (Ref. 41) used a
light-scattering technique (Ref. 42) in the shock tube to demonstrate
existence of water vapour condensation for rapid cooling of moist airto below 150*K.

5.2.3 Flow Transition and Boundary-layer Phenomena

One-dimensional flow transitions that have been studied in
the uniform shock tube include the unsteady rarefaction wave, the con-
tact surface, and the shock wave. Rarefaction wave profiles have been
investigated by pressure measurement with fast-response wall-mounted
pressure transducers (e.g., Refs. 43 and 44; also Subsec. 7.1.2), by
density measurement with the chrono-interferometer (Ref. 45; also Sub-
sec. 7.2.1.4), and by mass flow and temperature measurement with the
hot-wire anemometer (Ref. 44; also Subsec. 7.3.4). The laminar contact
surface transition has been studied by interferometry (Ref. 46). The

463 i



5.2.3 NAVORD Report 1488 (Vol. 6, Sec. 18)

shock front transition has been investigated in the shock tube by
Hornig and associates at Brown University using the light-reflectivity
technique described in Subsec. 7.5. Studies of rotation, vibration,
and dissociation relaxation phenomena behind shock fronts are outlined
in Subsecs. 5.2.4 and 5.3.2.

Regarding shock-tube boundary-layer studies, analytical and
experimental investigations of shock--tube-wall boundary layers are de-
scribed in Subsec. 3.2. The initial interest in shock-tube-wall bound-
ary layers was primarily with their role in producing departures from
ideal tube flow, such as shock attenuation. In recent years, however,
somewhat more interest has developed on account of the fact that the
shock-induced wall boundary layer is convenient for study of some basic
high-temperature effects, such as those involving dissociation or high
cooling rates, not easily produced in conventional steady-flow facili-
ties. For small shock attenuation, the shock-induced wall boundary
layer is a steady-flow phenomenon relative to the moving shock. Experi-
mental studies might thus be interpreted to yield information relevant
to the conventional Blasius-type flat-plate boundary layer in steady
flow.

Recent experimental results for shock-tube-wall boundary
layers behind shocks of Mach numbers from 1.5 to about 10 in air and
over a range of pressures are reported in Ref. 95. Thin-film resist-
ance thermometers mounted on glass shock-tube walls were used to locate
transition and measure laminar and turbulent heat-transfer rates.
Ratios of wall to free-stream static temperatures ranged from 0.8 to
0.07. The higher cooling rates produced marked stabilization of the
laminar layer. Good correlation of transition data was obtained in
terms of transition Reynolds numbers based on calculated displacement
thicknesses at transition. Measured laminar and turbulent heat trans-
fer rates agree well with the existing theories discussed in Sub-
sec. 3.2.

Several shock-tube studies of steady-flow boundary layers
developed on models are outlined in Subsec. 5.1.1.1.

5.2.4 High-Temperature Gas Physics

The relative ease with which a sample of gas can be rapidly
and uniformly heated to a known high temperature by a strong shock wave
(Subsec. 2.2.2) makes the shock tube an attractive tool for high-tem-
perature gas physics research. For example, room-temperature argon at
1-cm pressure is heated to about 13,00001 by a shock wave of Mach num-
ber 16. Normal reflection of the same shock wave increases the tempera-
ture to 18,00019, and under these Conditions the argon Is about 40 per
cent ionized. Ionization and eventually electronic excitation limit
the temperature rise. With monatomic gases, ion densities of the order

of 1015 to 1018 ions/cu cm may be achieved at temperatures up to the
order of 18,000*K by selection of initial pressure and shock strength.
With diatomic or polyatomic gases, the temperatures attained are much
lover for the same shock strength as additional energy is required for
excitation of molecular vibration and dissociation. For a Mach 16 shock
wave in room-temperature air at 1-ca pressure, the temperatures corres-
ponding to the above values for argon are about 8500*K and 9500°K.
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Use of the shock tube for the study of partially ionized
gases at high temperatures was pioneered by Kantrowitz's group at
Cornell University (Refs. 47, 48, 58, and 59), by Fowler's group at the
University of Oklahoma (Ref. 49), and by Laporte's group at the Univer-
sity of Michigan (Ref. 50). These groups developed various spectro-
scopic techniqpes for the study of emission spectra from luminous gas
behind strong shocks. As a spectroscopic light source the shock tube
offers some unique advantages in that temperature, ion density, and
other equilibrium properties behind incident or reflected shocks may
be calculated from measured wave speeds. Further, by comparison with
other sources as arcs, the luminous gas properties are very homogeneous.
While shock tube spectroscopy has proved a powerful tool, it is not
without its difficulties. Low intensity radiation renders time-resolved
spectra difficult to obtain. Also, impurities complicate the spectra
and are diffictlt to avoid with frequent exposure of the driven tube in-
terior to the atmosphere and to the driver gases.

References 13, 51, 52, 53, and 54 review applications of the
shock tube to the study of high-temperature phenomena in gases. De-tailed discussion of shock tube spectroscopic techniques will be found
in Refs. 50, 52, 53, 54, and 57. Some specific applications to high-
temperature studies are presented below.

5.2.4.1 Radiation Studies

Some of the first shock-tube radiation studies were done by
Kantrowitz's group using monatomic argon heated by primary and reflected
shocks to temperatures in the range 6000 to 17,000*K (Refs. 47 and 48).

Spectroscopic measurements, including time-resolved spectra obtained
with a rotating drum camera, were made of the argon line broadening and
shift resulting at the high ion concentrations obtained. Ion density
behind incident shocks determined from these measurements showed ther-
modynan'c equilibrium to be quickly attained at the higher temperatures
(11,000 K). The intensity of the strong visible continuum radiation
present above 10,000*K was measured photoelectrically. The rate of
cooling of the hot argon was determined by several methods, and the
dominant heat loss above about 10,0001K was shown to be due to the con-
tinuum radiativn.

Similar shock-tube experiments were done by Laporte's group
with krypton, neon, and xenon, in addition to argon (Ref. 50). Ioniza-
tion delay behind incident shocks was determined in xenon. Luminosity
of the shock front itself was studied and shown to result from impuri-
ties. Quantitative studies were made of first-order broadening of the
hydrogen Balmer lines excited behind reflected shocks in neon contain-
ing a slight amount of hydrogen.

Radiation heating of the gas ahead of an advancing shock wave
with resulting distortion of the shock front near solid boundaries was
studied at Los Alamos by Schreffler and Christian (Ref. 55). Photo-
graphic studios were made of the distortion of very strong shock waves
generated by means of a solid-explosive drive (Subsec. 4.3).

"A recent and important application of the shock tube in radia-
tion studies has been to spectroscopic and spectrophotometric measure-
ment of the emissive and absorbtive properties of air up to temperatures
-f the order of 8000*K (Refb. 56 and 57). Further shock-tube radiation
studies are described under chemical applications in Subsec. 5.3.
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5.2.4.2 louization, Conductivity Magnetohydrodynamic Studies

In addition to spectroscopic studies of the equilibrium re-
gion behiud strong shocks In argon, the work of Kantrowitz's group in-
cluded theoretical and experimental studies of the nonequilibrium
region by Petschek (Ref. 58) and measurement of electrical conductivity
by Lin, Resler, and Kantrowitz (Ref. 59). Experimental investigation
of the approach to equilibrium included photoelectric recording of con-
tinuum light intensity and measurement of the electrostatic potential
created by electron diffusion. The electrical conductivity of shock-
heated argon was measured by the magnetic technique described in Sub-
sec. 7.7. The same method has also been applied to air (Ref. 60).

The production of ionized gas in the shock tube offers the
possibility of studying magnetohydrodynamic phenomena involving inter-
action of the electrically conducting gas with magnetic fields. Shock-
tube experiments have been done to demonstrate interactions of partially
ionized gases behind strong shocks with externally applied fields
(Refs. 13, 61, &nd 62). For example, in the work of Ref. 61 the con-
ducting gas region behind a shock wave of Mach 11 in argon was accel-
erated with an external field applied by means of a pulsed transmission
line coaxial with the shock tube. Attainment of fully ionized flow
conditions at low densities is possible with electromagnetically driven
shock tubes (Ref. 13; also Subsec. 4.3). Temperatures of the order of

0.5 x 106 oK estimated from measured shock speeds have been claimed be-
hind electromagnetically driven shocks (Ref. 13).

5.2.4.3 Relaxation Studies

The shock tube has been extensively used to study relaxation
phenomena behind shock fronts in gases. The light-reflectivity tech-
nique (Subsec. 7.5) which measures the optical reflectivity of the
shock wave density transition was used to investigate the rapid equili-
bration of rotational degrees of freedom in shocked diatomic gases
(Ref. 63). Various other optical methods have been employed In the
shock tube to study vibrational relaxation behind shock fronts in oxy-
gen, nitrogen, air, and CO2. These methods include conventional spark
interferometry (Refs. 64 and 65), a special schlieren technique utiliz-
Ing a narrow light beam with photoelectric recording (Ref. 66), and con-
ventional schlieren with knife edge oriented parallel to the shock front
(Ref. 67).

Recently, intensive application of the shock tube has been
made to the study of chemical relaxation phenomena in reactive flows
of oxygen, nitrogen, and air. This application is included in Sub-
sec. 5.3.2 below.

The ability of the shock tube to produce very rapid and homo-

geneous changes in the thermodynamic state of a gas sample offers unique
advantages for the study of many high-temperature chemical reactions.
The method of shock wave heating is particularly useful in chemical re-
action studies because, apart from the high temperatures attainable, the
reaction conditions may be accurately determined from measured shock-
wave speed. Use of the shock tube for chemical research has become
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widespread, as attested by the large volume of research literature
which now exists in this area. Reviews of chemical applications are
given in Refs. 51, 52, 53, and 68. In particular, Refs. 52 and 53
give detailed discussion of measurement techniques suitable for chemi-
cal reaction studies in the shock tube. Some specific chemical appli-
cations are outlined below.

5.3.1 Combustion Stueies

A considerable amount of research on detonation and combus-
tion phenomena in gaseous mixtures has been done in long flame tubes.
However, applications of shock-tube (diaphragm) technique in this area
are relatively limited. One application has been the determination of
ignition temperatures of combustible gaseous mixtures heated by passage
of a plane step shock wave (Refs. 69, 70, and 71). In this work, the
shock wave was generated either directly in the combustible mixture em-
ployed as the driven gas, or else in an intermediate buffer gas, and
occurrence of ignition was detected by eye and by photocell recording.
Similar studies have been done with converging cylindrical shock waves
generated in the shock tube by diffraction of a plane wave (Ref. 72).

Another application of shock-tube technique in combustion re-
search has been to the interaction of a shock wave with an initially
laminar flame front (Ref. 73). In this work, the shock tube was ori-
ented vertically to stabilize the flame generated in a combustion cham-
ber forming the bottom section of the low-pressure channel. The flame
was generated by ignition of the combustion chamber mixture just prior
to rupture of the diaphragm separating the high-pressure driver gas
from an intermediate buffer gas. Detailed study of interaction of the
flame front with the impinging primary shock wave, and with subsequent
reflected waves, was made by schlieren optical methods.

A shock-tube method has been used to study ignition in tran-
sient boundary-layer flow over a hot isothermal surface (Ref. 74). In
this work, a slug of cold combustible mixture was accelerated by a weak
plane shock wave and caused to flow downstream over a heated plate set
flush in the shock tube wall. Subsequent ignition of the mixture by
the hot plate was observed optically by schlieren.

Several shock-tube studies have been made of thermal decom-
position of organic fuels by heating with strong shock waves. Refer-
ence 75 reports optical studies of carbon formation behind reflected
shock waves in acetylene. Simultaneous light-absorption and emission
measurements (see also Subsecs. 5.3.2 and 7.6) were made using a Kerr
cell as a light-beam chopper. Spectroscopic study of the emission
spectra excited in various hydrocarbons and hydrocarbon plus argon mix-
tures by heating with stroDg shock waves is reported in Ref. 76. Com-
parison is made with spectra from flames, and from spark and shock-
initiated detonations. The shock-excited spectra resemble th se pro-
duced by flames rather than discharge tubes, which suggests possible
use of the technique for study of fundamental processes in flames.

5.3.2 Chemical Kinetic Studies

A fruitful application of shock-tube methods has been to the
quantitative determination of chemical reaction rates of fast high-
temperature reactions with half-lives of the order of a millisecond or

6
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less. Most kinetic studies have been of relatively simple reactions
with the mechanism of the reaction assumed known. Very limited work t

has been done on complex combustion reactions (see above).

Two main experimental approaches discussed below have been
used in kinetic studies. These utilize either the optical methods,
which obtain information on the reaction at first hand while it is pro--
ceeding, or the chemical stock tube, which subjects the reactant gas to
a predetermined temperature-pressure pulse after which a sample is drawn
off and analyzed for chemical composition by conventional methods.

5.3.2.1 Optical Methods

The optical methods have been extensively used to study re-
action kinetics behind strong shock waves. Early application was made
to measurement of the rate of dissociation of N2 0 4 to NO2 when heated

by weak shocks (Ref. 77). The dissociation reaction was followed In
time by photoelectric recording of the intensity of a narrow beam of
light crossing normal to the shock tube axis which underwent absorbtion

by the coloured NO molecule (see light-absorption measurement, Sub-
2

sec. 7.6). Later application of this absorption technique using strong
shock waves was made to high-temperature'dissociation of weak concen-
trations of molecular iodine (Refs. 78 and 79) and bromine (Refs. 80
and 81) in inert diluents, and to hydrogen-bromine reactions (Ref. 82).
With high dilution of the dissociating gas, changes in temperature and
density are small as dissociation proceeds and determination of therate constants is considerably simplified. Dissociation of undiluted
gas was also studied.

Recently, intensive application of the shock tube has been
made to studies of chemical relaxation of the constituents of high-
temperature air (Refs. 67, 83, 84, 85, and 86). The (ultra-violet)
light-absorption method above has been used to determine both vibration
and dissociation relaxation times of oxygen in shock-heated mixtures
containing oxygen or air highly diluted with argon (Ref. 83). In addi-
tion to absorption studies, photoelectric recording of the intensity of
emission spectra from high-temperature shock-heated gases over a limited
wave length region has also been employed (Ref. 83). Dissociation rates
for shock-heated nitrogen, oxygen, and air have been obtained in this
way. Other optical methods used to study chemical relaxation behind

strong shocks include: conventional schlieren with knife edge parallel
to the shock front, used to obtain the width of the dissociation relaxa-
tion zone in oxygen (Ref. 67); conventional short-duration spark inter-
ferometry, used for quantitative determination of spatial density dis-
tribution thro-gh the dissociation relaxation zone in oxygen (Ref. 84);
and a combined interferometer and rotating-drum camera arrangement used
to record quantitative density change with time at a fixed station swept
by the travelling shock and dissociation relaxation zone in air (Ref. 85).

Optical studies in the shock tube have also been made of
chemical relaxation occurring for very rapid cooling of hot dissociated
air (Ref. 86) and nitrogen (Ref. 83) with the object of measuring re-
combination rates. The method involved steady flow of gas heated by
the primary nhock about a two-dimensional triangular cross-section
model. The hot gas was first decelerated to slightly supersonic speed
across an oblique shock attached at the model leading edge and then
rapidly cooled by Prandtl-Meyer expansion at a sharp corner downstream
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of the leading edge. Schlieren observation of Mach waves produced by
scribing the model surface provided local Mach angles through the flow
sensitive to the local flow chemistry.

5.3.2.2 Chemical Shock Tube

The chemical shock tube (Refs. 87 and 88) offers an alterna-
tive to optical methods for obtaining rate data on high-temperature
reactions whose product species may be "frozen in" or permanently pre-
served at any stage by sudden cooling. The tube arrangement is shown
in Fig. 5.3-1. To the conventional constant-area shock tube is added
a large evacuated tank separated from the driver section by a second
diaphragm. In operation, the reactant gas fills the low-pressure sec-
tion. The diaphragm separating the driver and reactant gases is broken
first, and the-reactant gas is compressed and heated by the incident
and reflected primary shock wave. Effectively, the reactant gas is
subjected to a single high-temperature and pressure pulse. For a coP1-
trolled time of the order of a millisecond the reacting mixture reSains
at the high-temperature conditions left by the reflected shock. It is
then cooled very rapidly by an expansion wave generated from breaking

of the second diaphragm at the evacuated tank. This expansion wave re-
flects from the closed end of the low-pressure section to further cool
the reacting gas and bring it to rest. If the reaction is one in which
the high-temperature reaction products can be "frozen in" by the rapid
cooling, then the duration of the high-temperature pulse and the final

chemical composition of the processed reactant (determined from a sam-
ple withdrawn immediately after a run; provide quantitative data on the
reaction rates.

The duration and magnitude of the high-temperature pulse is
controlled by the ratio of driver to reactant section lengths, the time
delay between breaking of the two diaphragms, the length of the reactant
or low-pressure section, and the priwary sbock strength. Initial cool-

ing rates of the order of 5 x 105 oK/sec have been obtained with the
tank-generated expansion wave (Ref. 88). Use of the tailored-interface
technique (Subsec. 5.1.2.3) avoids disturbing the high temperature re-
action with reflected waves from interaction of the reflected primary
shock with the contact surface. Sonic inflow into the le ge evacuated
tank also prevents rnny secondary temperature pulses from occurring.
Detailed design and performance information on the chemical shock tube
is given in Ref. 87. Methods for controlled bursting of the two dia-

phragms are described in Refs. 75 and 87, and in Subsec. 6.2.3.

The chemical shock-tube technique is limited to the study of
those reactions which can be frozen by rapid cooling. It has been suc-
cessfully applied to the study of the kinetics of the formation of
nitric oxide in the temperature range of 2000 to 3000'K (Ref. 88). In-
teresting attempts have also been made to use the method for production
of chemicals (e.g., hydrazine, Ref. 75).

5.3.3 Dissociation Energies

Several methods utilizing dissociation by strong shock waves
have been employed for measurement of diasociation energies. In one
study, the actual pressure-density (Hugoniot) relation across strong
shocks in nitrogen was obtained from the mass and momentum equations
by substitution of measured shock and particle velocities (Ref. 89).
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The shocks were generated by an explosive driven plate, in4 thp phnck
and plate (particle) velocities were recorded photographically. Com-
parison of the experimental Hugonlot wiih theoretical curve3 calcu-
lated for dissociation energies of 7.385 and 9.764 ev provided addi-
tional support for the latter value. In another study, plane shock
waves in carbon monoxide and nitrogen were reflected from the end of
the low-pressure channel, and incident and reflected wavespeeds were
measured (Ref. 90). Comparison of measured reflected-versus-incid!nt
wave speed curves was made with corresponding theoretical curves for
different dissociation energies. After allowance for relaxation and
viscous effects, the results supported the dissociation energies of
11.1 and 9.16 ev for carbon monoiLde and nitrogen, respectively.

5.4 Use for Calibration of Instruments

The principa. application of the shock tube in instrument
calibration has been to the calibratiou of pressure transducers. How-
ever, the shock tube has also been used to study the response of a hot-
wire anemometer to the step function changes in mass flow and tempera-
ture occurring across a shock wave (see Subsec. 7.3.4).

The first application of shock tubes in America was made by
Bleakney's group at Princeton University to the calibration of piezo-
electric blast-pressure gauges (Refs. 91 and 92). This method, utiliz-
ing the step pressure increase across a shock wave, has since been

widely adopted for the determination of dynamic transducer response.
Calibration using shock waves has advantages not only for transducers
designed for shock tube use, but also for transducers for use at high
acoustic pressure levels. The production of sinusoidal pressure varia-
tions for determining sinusoidal frequency-phase characteristics of
acoustic transducers is difficult if not impractical at high pressure
levels. However, the desired frequency-phase characteristics can be
calculated from the measured transducer response to a known aperiodic
pressure change such as a shock wave. The mathematical techniques in-
volved are outlined in Ref. 93. Further discussion of the use of pres-
sure transaucers in shock tubes is given in Subsec. 7.1.2.
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Shock-Tube Materials, Design, and Construction 6.1.1

6. Shock-Tube Materials, Design, and Construction

With the rather widcqpread use of the shock tube as a re-
search tool in recent years, shock tube designs have naturally become
somewhat specialized according to application. An example is the

chemical shock tube, Subsec. 5.3.2.2. This subsection is concerned
with some of the general design or construction aspects common to most
applications, and is limited to conventional shock tubes employing dia-

phragms.

6.1 Tube Design and Construction

6.1.1 Tube Length and Internal Cross-Section

Shock tube length and internal cross-section shape and area
are, of course, determined by the particular application and the funds

available. For model testing in a uniform channel tube, for example,
the required test time and the driving method would determine the
driver and driven section lengths as considered in Subsec. 5.1.1.2.
Choice of tube internal cross-section geometry would be influenced by
factors such as shock attenuation and boundary-layer development on the
tube walls (Subsecs. 5.1.1.2 and 3.2), flow Mach number and model
Reynolds number required (which determine model size and the tube pres-
sure loading), whether the model flow is to be two or three dimensional,
and the type of instrumentation to be used for flow measurement.

Use of the optical techniques of shadowgraph, schlieren, and
interferometry is simplified with rectangular tube cross-sections which
can accommodate plane parallel windows. Quantitative interferometry is
most often applied to two-dimensional flows for which the rectangular
geometry is a natural choice. The tube width along the light path in
this case must be sufficient to give adequate optical sensitivity with-
out introducing excessive refraction effects (Subsec. 7.2.1.4). Typi-
cally, for two-dimensional interferometric work at relatively low pres-
sure levels the tube height might be several times the width to avoid
or delay wave interaction with the tube walls.

While advantageous for certain optical studies, the rectangu-
lar or square cross-section is inferior to the circular cross-section
as regards structural strength and general ease of construction and
sealing. A common construction method for use of the rectangular cross-
section at high pressure levels is described below (Subsec. 6.1.2). If
the application permits, the driver section of the tube may be of cir-

cular cross-section with transition to a rectangular or square cross-
section driven channel at the diaphragm station.

Table 6.1-1 from Ref. 1 gives the geometries of a number of
(unclassified) shock tubes in the U.S.A. and Canada. The bulk of the
tube geometries listed fall into the fbllowing ranges (Ref. 1):

1. Tube diameter (or area equivalent): 1 to 4 in.

2. Tube length/tube diameter: 40 to 150.

3. Driver section length/driven section length: 0.15 to 0.25.

Also, roughly an equal number of tubes have rectangular as circular in-
ternal cross-sections.
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6.1.2 Tube Structure

With many shock tubes the desired driver or driven tube
lengths are achieved by coupling together a number of short sections
of similar construction. This approach provides flexibility in tube
arrangement and is advantageous when various driver or driven tube
lengths are likely to be required. The short component sections may
have individual supports with wheels for convenient assembly, or else
a single two-rail support to carry all sections may be used. A disad-
vantage of a large number of short sections is the increased number of
joints which increase the possibility of leaks, waviness in the tube,
and interior steps due to slight misalignment.

The almost universal method of sealing at joints is by means
of commercial Neoprene or Teflon "0" rings. TheFe are very efficient
when properly used and are available in a large range of sizes. Align-
ment of sections is aided with dowels in smaller tubes and male-female
joints in larger tubes. Common methods of coupling sections together
include bolting through end flanges and threaded couplings. Rapid
coupling or clamping at the diaphragm joint and of tube end plates
which are frequently removed to permit cleaning of the tube is a worth-
while operating convenience. Hydraulic or pneumatic diaphragm clamping
mechanisms have been used on large tubes. For smaller tubes at suit-
ably low pressures, the commercial "Vise Grip"* is a very useful device
for rapid clamping. Diaphragm clamping is further discussed in Sub-
sec. 6.2 below.

Regarding tube cross-section, the circular cross-section has
obvious structural advantages over the rectangular geometry. It leilds
itself to the use of commercial steel pipe which is available in length
in a considerable range of steels, diameters, and wall thicknesses.

Also, short lengths of commercial pyrex glass or quartz pipe may be
included in the driven tube for luminosity studies. For the highest
pressure level shock tubes, tube lengths of circular cross-section have
been forged from high-strength alloy steels. Stainless steels have
proved popular because of their high resistance to corrosion and high
strength. A number of shock tubes for high pressure use have been con-
structed from standard gun barrels (see Table 6.1-1).

Rectangular or square cross-section tube lengths may be con-
structed in a number of ways. For example, metal side plates may be
bolted to top and bottom members with a sealing arrangement as shown
in Fig. 6.1-1. Another alternative, which reduces the number of seals,
is a milled or cast U-channel with the fourth closing side bolted on.
Welded construction is preferable to bolting if distortion can be
avoided. For high-pressure work, the structural limitations of the
rectangular or square cross-section channel can be overcome by encasing
it in a steel pipe with "incompressible" filler material, as illustrated
in Fig. 6.1-2. Various filler materials used include concrete, plastic
metals, and Woods metal. The last is relatively expensive but expands
on cooling and can be readily melted out. The rectangular channel in-
sert can be relatively thin walled. Waveguide elements or stainless
steel angle or channel are convenient insert materials,

Manufactured by Petersen DeWitt Mfg. Co., Nebraska.

**
Manufactured by Corning Glass Co., for example.
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For any application the circular cross-section is preferable
from the structural viewpoint, particularly for the driver section of
the tube. A combination of a circular driver section and a square
driven section is sometimes the most practical arrangement. Transition
from round to square can be made at or downstream of the diaphragm.
Another alternative, described in Ref. 2, is a rectangular testing
channel with an open knife-edgel entrance which projects axially into
a circular driven tube so as to capture or cut out the central portion
of the impinging primary shock wave.

The ASME Code for Unfired Pressure Vessels and standard refer-
ences such as Refs. 3 and 4 will provide data for the design of tube
sections for adequate static strength. However, the most severe stress
conditions arise from transient loadings during operation of the tube.
Provision for transient stressing usually reduces to estimation of what
is considered an adequate safety factor over expected maximum static
loadings. With a driver section intended for constant-volume combus-
tion, the possibility of greatly increased loading due to detonation
or over-detonation occurring should be considered (see also Sub-
sec. 4.2.1.3). Reflection of normal detonation waves in stoichiometrichydrogen-oxygen mixtures can increase the reflection wall pressure by

factors of the order of 40. Wall pressure increases of the order of 4
times this amount have been observed with the phenomenon of over-
detonation (Ref. 5). Thus, in a driver section designed and operated
with a safety margin adequate only for constant-volume combustion,
where the expected pressure rise is by a factor of the order of 10 at
most, the occurrence of detonation could produce serious overloading.
In particular, reflection of detonation from the end cap of the driver
section can result in hazardous blowout of the cap. One way of avoid-
ing this is to mount a standard rupture disc in the end cap which will
burst at a safe pressure loading. The possibility of detonation occur-
ring can be materially reduced by using a large number of ignition
points.

High-pressure loading of the low-pressure section can result
from reflection of the primary shock wave. With combustion drive, for
example, the pressure following primary shock reflection can be of the
same order of magnitude as the peak driver pressure. Hence, with re-flection of the primary shock wave, part or all of the low-pressure
section may require structural strength comparable to the driver sec-
tion. Unwanted chock refleztion can be avoided by terminating the low-
pressure section with a large-volume surge tank.

With small tubes, the axial impulse loads set up in the tube
structure and supports which restrain axial movement following the dia-
phragm burst are usually unimportant. With large diameter tubes at
high driver pressures, however, limited recoil of the tube may be de-
sirable to avoid unduly high stressing.

It is common to provide a number of standard type wall open-
ings along the tube length for mounting of various transducers such as
shock detectors. A convenient method for doing this with circular
tubes made up of short sections is to use tapped instrumentation blocks
that are a few inches in length. These blocks have the same bore as
the tube and can be inserted at the tube joints. Openings are also re-
quired for gas inlets, vacuum system outlets, and windows. For combus-
tion drive, adequate gas mixing before combustion is important for best
results. Various gas inlet systems have been used to promote good mix-
ing. One system uses a large number of wall entry holes distributed
along the driver section. A simpler method uses an internal, drilled

feeder pipe which passes through the driver-section end plate.
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A common method of window mounting with a Woods metal seal is
illustrated in Fig. 6.1-1. Windows also may be bonded directly to metal
with high strength bonding agents such as Hysol cemeqt. Information on
the strength of windows may be obtained from the glass manufacturer.
Regarding window quality, usually selected plate glass is adequate for
shadowgraph and schlieren work. Good quality plate may also make suit-
able windows lur interferometry (see Subsec. 7.2.1.4).

Tolerances on tube internal geometry and alignment are usually
necessary to avoid unduly large steps at joints and excessive wall angu-
larity. Practice varies rather widely on this question, depending on
the application and on the tube construction and method of manufacture.
In the most accurately constructed tubes for more or less general use,
step height is limited to the order of 0.001 in. and wall angularity to
about 0.15 deg. For many applications, however, these limits are prob-
ably unnecessarily severe. Also, often only the low-pressure driven
section, or a part of it, is important in this regard. Wall smoothness
also varies widely in practice, from honed surfaces of a few micro-
inches RMS finish to the standard finishes of commercial smooth pipe oras produced by regular machining operations.

Stainless steels resist corrosion and abrasion, but other
steels should be plated for protection. Hard platings are required as
the standard soft platings, such as cadmium, are ineffective under the
severe conditions present with combustion drives and high temperature
operation. Hard chromium in good, but a superior shock-tube plating
is "Kanigen" nickel plate, also termed "electrodeless nickel plate".
This is a chemically deposited hypophosphite of nickel of excellent
homogeneity, which follows any surface contour, however intricate. It
can bc heat treated to greater hardness than attainable with chromium.

Further useful information on shock-tube design will be found
in Refs. 6 to 11, and 18, which describe the construction of specific
tubes having constant cross-section area throughout. References for
design information on hypersonic shock tunnels and the chemical shock
tube are cited in Subsecs. 5.1.2 and 5.3.2.2, respectively.

6.2 Diaphragms

Despite the wealth of shock-tube literature published in re-
cent years, relatively little information of a systematic nature has
been reported on the behaviour and bursting characteristics of suitable
diaphragm material. This is unfortunate, as successful operation of
the shock tube hinges on obtaining suitable diaphragms. Their develop-
ment from tests is often quite time consuming, particularly so with
metallic diaphragms for use at large pressure differences. This sub-
section attempts to summarize what data have been reported on diaphragm
materials and characteristics.

6.2.1 Nonmetallic Diaphragms

The diaphragm materials in common use are most naturally con-
sidered according to the range of pressure difference for which they
are suited. In the lowest pressure difference range, say from 1 psi
to the order of 200 psi across the diaphragm, nonmetallic materials
such as cellophane or cellulose acetate are very much used. Table 6.2-1,
summarizing reported data for such materials, gives diaphragm material,
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thickness, and bursting pressure difference, as well as the tube cross-
section geometry and diaphragm supplier. The figu, is for bursting pres-
sure can be taken as approximate only, Bursting pressures with cello-
phane type diaphragms depend somewhat on the method of clamping and on
their moisture content. A very commonly used laminated cellophane is
that known as "Red Zip" (see Table 6.2-1), which shreds into very small
pieces when burst. Unfortunately, it is not obtainable in a range of
thicknesses. Cellulose acetate is obtainable in various thicknesses
but tends to shatter Into large jagged fragments. Mylar comes iii vari-
ous thicknesses and can be burst without shattering.

The clamping of cellophane type diaphragms usually presents
no problem. The material is clamped between rubber gaskets to provide
a seal and a friction grip. The edge of the downstream opening may be
smoothed to avoid cutting through the material when the diaphragm is
bulged under a pressure difference. Nonmetallic diaphragms are very
often burst by controlled mechanical means, rather than allowed to rup-
ture at the natural burst pressure, in order to obtain precise control
of effective diaphrag.n pressure ratio (see Subsec. 6.2.3).

In order to increase the bursting pressure difference of non-
metallic diaphragms, several adjacent thicknesses of material may be
used. Roughly speaking, the bursting pressure is proportional to the
total thickness for a given material and tube cross-section. With such
multilayer diaphragms, however, as the number of layers is increased,
the bursting characteristics become increasingly less consistent and
desirable as regards the primary shock wave formation. In addition to
this type of multilayer diaphragm, which effectively acts as a single
membrane supporting the total pressure difference, combination dia-
phragms have been used wherein the various diaphragm layers are sepa-
rated by gas at intermediate pressures so that the total pressure dif-
ference is achieved stepwisc. The bursting of such a multi-diaphragti
system may be initiated by controlled mechanical bursting of the first
layer on the high pressure side.

6.2.2 Metallic Diaphragms

Above pressure differences of the order of a few hundred psi,
metal diaphragms are commonly used. Considerable effort has gone into
the testing and development of various types of metallic diaphragms
with the object of attaining good burst characteristics. Ideally, it
is desired that the metal diaphragm burst by petalling cleanly without
loss of weight, and that the petals fold back against the tube walls
so as not to obstruct the flow. If the diaphragm is fragmented with
loss of weigh,, the detached pieces are accelerated along the tube and
are likely to cause considerable damage. Thus the need for proper
metal diaphragm rupture is clear.

American practice with metal diaphragms tends to employ a
square tube cross-section supporting the diaphragm on the downstream
(low-pressure) side, presumably to aid in producing clean petalling.
British practice, on the other hand, seems to favour a circular support-
ing cross-section downstream. Satisfactory petalling has been obtained
for both arrangements with natural bursting pressures reproducible to
within a few per cent. In both cases, provision of a generous edge
radius on the downstream cross-section over which the diaphragm petals
can fold, is found desirable. Unfortunately, very little American data
on metal diaphragm characteristics have been reported. The quantitative
results discussed below are largely derived from British tests employing
circular downstream tube cross-sections, as reported in Refs. 12, 13,
and 14.
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Roughly speaking, ductile metals such as annealed copper and

aluminum are found satisfactory for pressure differences from a few
hundred psi up to the order of 1500 psi for cross sections of the order
of 3-in. diameter. For larger pressure differences, cold-rolled mild
steel, nickel, and stainless steel have proved very satisfactory. With
constant-volume combustion drive, the diaphragm is allowed to burst
naturally from the pressure increase after combustion. With cold driver
gas operation, however, contrclled bursting by mechanical piercing may
also be used (see Subsec. 6.2.3). Controlled scribing of the diaphragm
is done by some experimenters to vary the diaphragm bursting pressure
and/or promote good petalling (see below).

Reference 12 reports extensive tests on soft aluminum, nickel,
and cold-rolled mild steel diaphragms clamped between blocks of 2-in.
nominal internal bore diameter as illustrated in Fig. 6.2-1. Single
diaphragms of varying thickness and multilayer diaphragms of similar
and dissimilar metals were tested for natural bursting characteristicsover a range of bursting pressures up to 10,000 psi. The tests in-
cluded both cold and hot (combustion) bursts. The effects of initial
doming of the diaphragm and of scribing were elso studied. Reference 13
reports similar tests on natural cold bursting up to 3000 psi of cold-
rolled mild steel diaphragms clamped between tube sections of 6-in.
nominal internal bore diameter. Reference 14 gives results for the
natural burst pressures of unscribed aluminum diaphragms for a 3-in.
bore diameter.

The above cold burst tests, including hydraulic loading tests
(Ref. 12), show that just before failure the diaphragm is deformed to
a near hemispherical shape, particularly so with the less ductile ma-
terials. Initial failure is in tension with splitting in the central
region along a great circle line. If it is assumed that the deformed
diaphragm at failure is a true hemisphere of diameter D, that the
original diaphragm thickness t remains unchanged, and that failure oc-
curs in tension at stress fult , the natural b'irstiaig pressure differ-

ence P is given to a first approximation by the spherical shell result

4t f ult
D

Cold burst test results for P are compared to the above rela-
tion in Fig. 6.2-2 from Ref. 12. The original figure of Ref. 12 has
here been replotted in terms of t/D, rather than the original abscissa t,
in order to include the test results of Refs. 13 and 14. The general
agreement of the test results with the spherical shell prediction is
surprisingly good, particularly considering the different bore diameters.
The observed values of P are of the order of 10 per cent (or less) low,
attributed to the (observed) thinning of the deformed diaphragm at the
dome center. The test results from Ref. 12 and 13 include values of P
for multilayer diaphragms of steel, in addition to single diaphragm re-
sults. Thus, for multilayer diaphragms of the same metal, P is propor-
tional to the total thickness. For multilayer diaphragms of dissimilar
metals, P is equal to the sum of the individual diaphragm bursting pres-
sures.

The tests showed no difference in the behaviour of initially
flat and initially domed diaphragms. As regards petalling, the high
tensile materials such as steel showed a natural tendency to form four
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petals as against six petals for low-tensile copper and aluminum. As
regards scribing, with ductile metals such as copper and aluminum, this
is ineffective in promoting petalling unless the scribing is of such
depth as to substantially reduce the natural bursting pressure. The
preference (Refs. 12 and 14) is not to scribe the ductile metals. For
less ductile mild steel, however, Ref. 12 reports that light, sharp
scribing on two perpendicular diameters, which leaves the bursting
pressure essentially unchanged, is very effective in producing good
petalling (on a 2-in. bore diameter),. The effectiveness of the scrib-
ing is attiibuted to the scores acting as local stress raisers in the
less ductile steel. Reference 13, on the other hand, reports such
scribing of mild steel to be ineffective with a 6-in. bore diameter.

In addition to the limits imposed by the bursting pressure,
the diaphragm thickness is limited to a range which provides good
petalling. With diaphragms which are too thin, the petals tend to be
torn off at the roots. Recommended minimum thicknesses are 0.015 in.
foi aluminum or mild steel on a 2-in. bore (Ref. 12) and for aluminum
on a 3-in. bore (Ref. 14), and 0.064 in. for mild steel on a 6-in. bore
(Ref. 13). With diaphragms which are too thick, excessive bending re-
sistance at the petal roots prevents satisfactory folding back, and the
flow is obstructed. Recommended maximur thickness is 0.062 in. for a
2-in. bore (Ref. 12). A large radius over which the petals can fold
is also helpful.

Reference 12 reports no difference in petal formation between
cold and hot (combustion) natural bursts. With combustionp avoidance
of combustion pressures much larger than the minimum necessary for
bursting is helpful in preventing fragmentation or tearing of petals.
Detonation is to be carefully avoided as it can produce blowout of the
entire diaphragm with considerable damage to the tube.

Figures 6.2-3 and 6.2-4 from Ref. 12 show burst diaphragms
which have petalled nicely. Figure 6.2-3 shows cold and hot burst,
scribed steel diaphragms of single and two layers, while Fig. 6.2-4
shows cold burst, scribed (deeply) and unscribed copper diaphragms.
Scribed diaphragms are mounted with the scores downstream; the scores
are aligned in coincidence for multilayer combinations.

Metal diaphragms are usually clamped between "O"-ring seals.
Difficulty is sometimes experienced with excessive "drawing in" of the
diaphragm as the gas pressure loading is increased, particularly with
the larger diameters. 7ith simple bolting, exterior to the diaphragm
clamp area, the increasing driver gas pressure tends to elongate the
bolts and weaken the clamping action. Excessive drawing in is lessened
by passing the bolts, or dowels, through the diaphragm clamp area, or
else by providing a male-female peripheral joint to indent the diaphragm.

Another method, effective for large diaphragms, is the free-piston clamp
of Ref. 13, illustrated in Fig. 6.2-5. With this arrangement, as the
gas pressure is increased the free piston provides clamping action which
is unaffected by any bolt elongation. Adequate diaphragm clamp area is
also important. For the steel diaphragms tested in the 6-in. bore ar-
rangement of Fig. t..2-5, Ref. 13 reports a minimum (outer) diaphragm
diameter of 16 in. cequtred to avoid excessive drawing.

505



6.2.3 NAVORD Report 1488 (Vol. 6, Sec. 18)

6.2.3 Methods for Controlled Diaphragm Rupture

Induced rupture of the diaphragm by mechanical or electrical
means is often preferable to natural bursting by pressure alone in
order to gain precise control of the bursting pressure. The commonest
method of inducing metal or nonmetal diaphragms to burst involves me-
chanical piercing with a sharpened plunger. For nonmetal diaphragms
at low pressure loadings, the simplest arrangement is to pass the
plunger through the driver section end cap or obliquely through the
wall by means of a moving "O"-ring pressure seal, and operate it manu-
ally. An oblique spring-driven plunger actuated by a solenoid which
avoids the moving seal is shown in Fig. 6.2-6. This unit was actually
desigaed for the synchronized piercing of two diaphragms (see below).
Direct solenoid drive of the plunger is also commonly used. By using
magnetic coupling through a nonmagnetic housing, such as of stainless
steel, electrical leads passing through the housing can be avoided.
Pneumatically driven plungers are another possibility. Particularly
with metal diaphragms, the plunger is best located on the upstream or
high-pressure side to minimize damage from the diaphragm. Best results
are always obtained if the diaphragm is pierced at a pressure loading
close to that producing a natural burst.

Frequently, as with the chemical shock tube or in some wave-
interaction studies, the controlled bursting of two diaphragms spaced
at an accurate time interval is necessary. Both mechanical and elec-
trical methods of weakening the diaphragm have been employed to accom-
plish this. Two assemblies of the type shown in Fig. 6.2-6 were used
(Ref. 15) to burst cellophane diaphragms with time delays reproducible
to the order of 0.1 millisec. The two solenoids were pulsed simultane-
ously and the time delay adjusted by varying the length of stroke of
one plunger. An arrangement which uses shock waves to drive the
plungers is described in Ref. 16 and illustrated in Fig. 6.2-7. The
plungers are located at the ends of two pressure lines which emanate
from a tee connection at the low-pressure end of an auxiliary shock
tube. Firing cf the auxiliary tube sends a shock wave along each line.
In piercing aluminum diaphragms, variable time delays reproducible to
within 0.1 millisec were obtained by changing the length of one line.

An electrical method of inducing the rupture of thin metal
diaphragms by burning a small central hole with a spark discharge is
described in Ref. 17. Figure 6.2-8 illustrates the technique. A high-
voltage probe with the tip encased in a dielectric nozzle is held
against the diaphragm by a cantilever spring as shown. The spark dis-
charge, switched by a thyratron, takes place from the probe to the dia-
phragu and is confined to a small area of the diaphragm by the nozzle.
For the controlled rupture of two diaphragms, the time delay between
the electronic switching of the two discharges can easily be controlled
to a few microseconds. From this point of view, this method is an order
of magnitude or more better than the mechanical methods. However, there
is some question as to whether microsecond accuracy is warranted in
view of the probable variations in the diaphragm bursting process fol-
"lowing the spark discharge.

6.3 Pressure and Vacuum Technique

The requirements of shock-tube pressure and vacuum technique
depend on the application, but in general, the procedures used follow
conventional practice. Regarding vacuum technique, two of the more
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demanding shock-tube applications are the outgassing of impurities from
relatively small surface area tubes, such as might be required for
spectroscopic studies, and high pre-evacuation of the large volume noz-
zle and test section of the hypersonic shock tunnel. Standard texts
such as Refs. 19 and 20 may be consulted as a guide in the design of
vacuum systems and selection of commercial Nacuum components to meet
specific requirements as to degree of vacuum and evacuation time.

Commercial cylinders of compressed gas are a convenient source
of pure dry gases for most applications. Up to the limits imposed by
their maximum pressure on delivery (of the order of 2000 psi) they form
a convenient high-pressure supply for the driver. Higher pressures re-
quire special compression equipment. High-pressure plumbing required
for the shock tube, such as valves, tubing, etc., is usually available
commercially.

Measurement of initial pressures in the driver and driven
sections is discussed in Subsec. 7.1.1.

6.4 Shock-Tube Hazards

There are some cbvious potential hazards in shock-tube experi-
mentation which in the interests of human safety should not be taken
lightly. So far as is known to date, there have been no deaths or seri-
ous injuries resulting from shock-tube operations. However, accidents
have occurred, and in some instances at least the avoidance of serious
injury has been more a matter of good fortune than of adequate precau-
tion.

Four sources of major hazard, one or more of which are present
in most shock-tube laboratories, are:

1. High-voltage electrical equipment

2. Storage containers of high-pressure gases, in particular of
hydrogen and oxygen

3. Use of hydrogen and/or oxygen in the shock tube

4. Shock-tube components which can be pressurized, either by
intent or in error

Safeguards in the use of high-voltage electrical equipment in-
clude thorough grounding of cabinets, controls, chassis, etc., adequate
insulation where needed, bleeder resistances across high-voltage cap-
acitances, foolproof power removal when adjustments are made, and proper
labelling and screening off, if possible, of the equipment. Storage of
high-pressure gases is, of course, best done off the laboratory premises
within a protective enclosure. However, in many cases this is not prac-
tical. Commercial gas cylinders are sometimes located in the laboratory
close to the shock tube. Common sense precautions with such cylinders
include secure upright fastenings to avoid inadvertently knocking them
over and releasing the internal gas through damage to the regulator
stem, avoidance of a high-temperature environment, and use of proper
regulators and lines which are free of any oils or greases. In particu-
lar, flammable oils or greases must be kept from contact with high-
pressure oxygen else spontaneous combustion results.
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With storage and use of hydrogen, hydrogen detection equip- I 4
ment and ample room ventilation should be provided to avoid the pos-
sibility of dangerous concentrations of hydrogen in the laboratory. 4
Provision should be made for the safe disposal of unexploded combus-
tible mixtures from the tube. With oxygen-hydrogen combustion drive,
the preferred order of gas charging is to add hydrogen last. i

Failure of shock-tube components from high pressures is an
obvious major hazard and can occur for a rumber of reasons. Supposed
safe and normal pressurization can produce failure through ignorance
of actual safe pressure limits. Hydrostatic testing provides only
limited assurance against such failure and must be employed with some
caution to avoid permanent strain. In equipment which is ill conceived
from a safety viewpoint, a slight and easily made deviation from a safe
operating procedure, perhaps from ignorance or carelessness, can often
produce a hazardous failure. An example of this is accidental admis-
sion of high-pressure gas into a low-pressure gauge system not protected
with safety blowoff diaphragms or valves.

A study of the explosion hazard presented by a high-pressure
shock-tube driver is made in Ref. 21. The summary of this study is
presented below.

"The problem of explosive hazards connected with shock
tube experimentation has been studied.

From general consideration of the problem it is con-
cluded that experience of others to date is too meager to
allow confidence in evaluation of the relative hazard of
shock tube experimentation. Of the factors that can be
controlled, provision of an enclosure or other protection
will probably be the most practical means of reducing the
hazard.

A study has been made with a number of simplifying as-
sumptions to determine the wall thickness required to suc-
cessfully withstand explosions of typical high pressure
shock tube driv-rs. A long enclosure of 10 feet by 10 feet
internal cross section was assumed to be constructed with
re-inforced concrete walls. A 4-inch I.D. by 8 feet long
driver pressurized to 7000 psi working pressure would re-
quire walls about 12 inches thick. A 2-inch I.D. by
4 feet long driver pressurized at 11,000 psi would require
walls about 8 inches thick. Variation of enclosure size
(from the 10 ft. dimension) by a factor of several would
cause little variation in wall thickiess required.

Fragment velocities (similar to pressure gage blow
out) have been estimated to be about 650 ft/sec for a
1-inch diameter mass of 0.01 slug (about 5 ounces) pre-
pelled from a vessel containing a pressure of 15,000 psi.
Comparison with mild steel plate penetration data shows
that a steel plate thickness greater than 1/8 inch would
be required to stop such a moving mass."
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Fig. 6.2-4. Examples of diaphragm petalling; cold-burst
annealed copper, 2-in. bore diameter (Ref. 12).
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Fig. 6.2-8. Electrical method of diaphragm rupture (Ref. 17).
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Shock-Tube Flov Measurement and Instrumentation

Successful use of the shock tube as a research or test facil-
ity is, of course, entirely dependent on suitable instrumentation for
flow measurement. Because of the highly transient nature of the flows
involved, an essential requirement of the measuring instrument is very
fast response. Generally speaking, response times of microsecond order
are desired. This requirement, in addition to other demands of adequate
sensitivity, range, and accuracy, greatly compounds the technical dif-
ficulties of shock tube instrumentation.

With the increased use of shock tubes for experimental studies,
not only in aerodynamics but also in high-temperature gas physics and
chemical kinetics, the variety of instrumentation has expanded and be-
come very broad indeed. A detailed coverage in all three applications
mentioned would be very lengthy and has not been attempted. In general,
the emphasis here is placed on the aerodynamic side and on techniques
which have been reasonably well tested and proved. Increased usage of
the shock tube as a steady-flow test facility has forced serious atten-
tion to the accompanying instrumentation problem, and new developments
may be expected from efforts currently under way.

7.1 Pre.'sure Measurement

Two types of pressure measurements are made in the shock tube:
measurement of initial hydrostatic channel and chamber pressures before
flow is generated and measurement of transient pressures during flow.
The first is discussed in Subsee. 7.1.1. Direct and indirect measure-

ment of transient pressure is described in Subsec. 7.1.2.

7.1.1 Hydrostatic Pressure Measurement

Measurement of hydrostatic channel and chamber pressures prior
to tube operation is relatively straightforward and may be done with
commercial indicators. For the medium- and high-pressure ranges, mer-
cury manometers and mechanical Bourdon type gauges are common. For the
lower pressure ranges, butylphthalate manometers are common, and in re-
cent years absolute dial reading gauges* obtainable down to the range
of 0 to 10 mm Hg have become popular. The latter require frequent cali-

bration but are convenient to use. For pressures around a few milli-
meters of mercury and below, there are such well known instruments as
the Mcleod and Pirani gauges.

Conventional manometry techniques are described in Refs. 1
and 2, while low pressure measurement is fully treated in Refs. 3 and 4.

7.1.2 Transient Pressure Measurement

7.1.2.1 Direct Measurement

A variety of transient pressure measuring systems havc been
developed over the years, and an extensive literature on this subject
now exists. General reviews are given in Refs. 5, 6, and 7.

Manufactured by Wallace and Tiernan Co.
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Most measurements of transient shock-tube pressure to date
have been made at the tube walls using small flush-mounted transducers
.which convert mechanical deformation from pressure change into an elec-
trical signal. The transducer output may be amplified and recorded by
cathode ray oscillography. Single-sweep time base recording is common.
The sweep may be triggered at the desired instant by a pulse from one
of the shock detectors described in Subsec. 7.4.1 fed via an adjustable
time-delay circuit. A similar technique for models to obtain pressure
distribution has been hindered by a lack of suitably small transducers,
but is currently receiving attention.

The requirements of a pressure transducer for shock tube ap-
plication are as follows.

1. Good Frequency Response

In general, the useful bandwidth cannot be too wide because
good low-frequency response is needed for quasi-steady flow regions,
while good high-frequency response is necessary for shock-wave pres-
sure changes. Specific requirements on frequency response depend some-
what on the application. Some applications might require a rise time
to a shock front of the order of one microsecond, while for others, 100
microsec might be acceptable. A high mechanical natural frequency and
sufficient damping are necessary to avoid excessive ringing following
step pressure changes.

2. Linearity

It is usually desirable to have output proportional to input
to facilitate calibration and record interpretation.

3. Sensitivity and Pressure Range

A high sensitivity is desirable but usually must be compro-
mised with high-frequency response. For a given interference level the
sensitivity determines the lower useful pressure limit and, usually,
nonlinear response the upper limit.

4. Accuracy

Dynamic errors, such as those from poor frequency response,
and interference errors from other than pressure inputs must be within
acceptable limits. Important interference effects are electrical noise,
temperature response, and acceleration response. Ideally the transducer
should have no response to temperature or acceleration. In the shock
tube, temperature changes always accompany pressure changes, but the
transducer response to temperature is always delayed with respect to
pressure. This delay may be increased by insulating the transducer
face with a thin layer of grease. Regarding acceleration, anti-
vibration mounting of the transducer may sometimes be necessary to
minim-ze the acceleration response. Vibration of the tube walls, for
example, on firing of the tube can produce significant response from
wall-mounted transducers.

5. Size and Shape

The transducer should not disturb the flow, and the sensing
face should be as small as sensitivity permits to obtain the best

spatial resolution possible. 'Small size is necessary for fast response
to a shock wave. The fastest piezoelectric transducers show a rise
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time of the order of the transit time of the shock across the sensing
face. Flow disturbance may be avoided with accurate flush mounting.
Small projections can produce significant shock-wave diffraction ef- j
fects.

6. Calibration

Calibration is always necessary. Dynamic calibration in the
range of pressures to be measured is desirable but usually not possible,
and static calibration is usually used. The shock tube itself may be
used for dynamic calibration if the primary shock pressure rise can be
obtained from theory or from independent measurement (see Subsec. 7.4).

7. -tability and Reproducibility

For consistent results, the transducer and associated cir-
cuitry must be thermally, mechanically, and electrically stable.

Usually the transducer is the weakest link in the pressure
measuring system and involves compromises in the foregoing requirements.
The transducers commonly used in shock tubes include the piezoelectric
types and the diaphragm deflection types. Both are commercially avail-
able, but their applications are presently limited to relatively high
pressure levels. While the high-frequency response of recent piezoelec-
tric models is quite adequate for most shock-tube studies (see end of
following section), their compromised sensitivity is inadequate at pres-
sures of a few millimeters of mercury such as exist in hypersonic shock-
tunnel nozzles.

Piezoelectric Transducer.--The piezoelectric transducer uti-
lizes the piezoelectric effect whereby a change in the stress (pressure)
applied to a piezoactive crystal generates a proportionate electrical
charge over certain crystal faces. The magnitude and character of the
effect depends on the orientation of applied stress with respect to the
crystallographic axes. A crystal transducer might use a number of ad-
jacent disks, a so-called pile, in correct polarity as indicated in
Fig. 7.1-1 for a two-pile element. The charge Q generated by a pres-
sure change P is Q = n K A P where I

n ý number of disks

K = constant, the piezoelectric modulus

A = area of one side of one disk

For most practical purposes the equivalent electrical circuit may be
represented by a generator of emf E ý (n KAP/Cc) in series with the
total crystal element capacitance C and shunt leakage resistance Rc,

as shown in Fig. 7.1-2. The external load has shunt capacitance CL
and shunt resistance RL. Usually Cc is «< CL.

If p is sinusoidal of amplitude P and angular frequency w,
then

E JwT n KAP

c5L
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where

SR(C +CL)

R RL
R R + RL

J -1

For w7 >> 1, (high frequencies)

n KAPNL + C L

and output is independent of w as desired. External shunt capacitance

CL decreases sensitivity. With decreasing uA EL drops off and phase

shift increases. If p is a step increase P at t = 0,

t
n KAP -

EL C + C
c L

and EL drops off exponentially at a rate determined by • . The piezo

transducer thus has inherently poor low-frequency response. The time
constant I should be very large compared to flow durations to be mea-
sured. Crystal capacitance C is small and increase of T by increasing

CCL is limited by sensitivity requirements. Therefore R must be large.

Typically, Rc might be of the order of a thousand megohms. A cathode

follower (Ref. 8) or electrometer tube (Ref. 9) input directly follow-.
ing the transducer is commonly used to maintain RL large. Long connect-

ing cables between transducer and amplifier input introduce difficulties
as they cannot be terminated properly.

The natural crystals, quartz and tourmaline, and barium titan-
ate ceramics have been the most used materials for shock tube applica-
tions. Quartz and tourmaline are excellent mechanically with modulus
K insensitive to temperature and about 11 gg coulombs/lb. The ceramics
are made piezoelectric by electric polarization whereby K can be made
as much as 50 times that for quartz. Their form and the direction of
the crystallographic axes may be controlled. A limitation on barium
titanate is its narrow stable temperature range (about 20 to 1000C).*
Tourmaline and barium titanate are hydrostatically sensitive in that
they produce a net charge when all crystal faces experience the same
pressure change. Quartz is not hydrostatically sensitive, which neces-
sitates the shielding of certain faces from the applied pressure change.

The National Bureau of Standards has recently developed lead oxide

based ceramics superior in this respect.

528



Shock-Tube Flow Measurement and Instrumentation 7.1.2.1

All piezo transducers exhibit pyroelectric effect, i.e.,
chkrge generation due to thermally induced stresses. The hydrostati-
cally sensitive crystals show response even to uniform temperature
change. A 10C rise in tourmaline, for example, is'equivalent to a
pressure decrease of about 200 psi. Quartz is much superior in this
respect.

In calibration, calibrating pressure changes must be applied
rapidly enough to avoid errors due to finite T and consequent charge
leakage. The transducer response to the primary shock wave may be used
if the shock pressure rise is determined independently (see Subsec. 7.4).
The microcoulometer technique (Ref. 10) uses very long input time con-
stant equipment to record response to a relatively slow pressure change
by needle swing of a microammeter. Commercial transducers such as the
Kistler SLM unit use the latter technique with a dead-weight tester.

Apart from its inherent poor low-frequency response and high
output impedance, making it susceptible to electrical interference, the
piezo transducer has several advantages for shock tube application.
The high-frequency response is generally excellent; a high mechanical
natural frequency can be maintained with sufficient damping in the
mounting to avoid ringing. Charge generation with pressure change is
linear over an enormous pressure range for quartz and tourmaline. The
ceramics provide high sensitivity and thus permit good spatial resolu- I
tion. The Armour Research Foundation has developed small barium-
titanate transducers suitable for mounting in models.* Typical charac-
ter~stics are face diameter, 11/64 in.; sensitivity, 18.6 gp coulombs
per psi; internal resistance, 200 megohms; pressure range, 1 to 100 psi;
rise time to shock front, 15 microsec; and over-all height, 1/4 in.
Of the commercially available piezo transducers, the recently developed
SLM miniature quartz transducer** has outstanding characteristics for
many shock tube applications (natural frequency, 500 kc; 1/4 in. diam-
eter; resolution, 1 psi; 1 to 2 microsec rise to shock wave).

In addition to references cited, useful information on design
and construction of piezo transducers will be found in Refs. 11, 12,
and 108.

Diaphragm Transducer.--,The diaphragm transducer uses the
small deflection from pressure change of a thin metal diaphragm to
vary circuit capacitance, resistance, or inductance, and to generate
a proportionate electrical output sifnal. The simplest diaphragm is
flat, without tension (all stiffness , and permits accurate flush
mounting. Commercial diaphragm transducers use a number of interchange-
able diaphragms to cover an extended pressure range.

High frequency response is limited by the lowest natural fre-
quency of the diaphragm. In the fundamentai mode, the diaphragm dy-
namic behaviour may be approximated by (Refs. 13, 14, and 15)

d2
dx d cx kx = A p(t)

dt

Private communication from S. Hoenig, Armour Research Foundation,
Illinois Institute of Technology, Chicago 16, lilinois.

Manufactured by the Kistler Instrument Company, 15 Webster Street,
North Tonawanda, N. Y.
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where

x = diaphragm deflection from equilibrium

p(t) = pressure difference across diaphragm

m = effective diaphragm mass

k = effective spring stiffness constant

c = effective damping constant

A = effective aiaphragm area

i.e., as an effective mass and spring with damping. This equation may
be rewritten

d-j2x d •! 2 2
d-t + 2 xnw, + W x =S n2 p(t)

where

Wh = undamped lowest natural angular frequency

= damping ratio - i
2 Vmk

A
S = static sensitivity =

Damping 4 of the order of 0.6 is desirable to reduce ringing in response
to a shock wave, but in most commercial transducers 4 is < 0.1. The
time tDO Fig. 7.1-3, for the ringing maxima to damp to a given level is

cc1- and can be significant compared to flow duration unless wn is
47wn

high. A useful criterion of diaphragm performance (Ref. 14) is the nass

per unit area m. From the foregoing,

m _ 1u rm

and a small P is necessary for desired high sensitivity S and high

natural frequency wnm
nm

Values of w , S, and A are listed in Table 7.1-1 (Ref. 14)

for the flat diaphragm without tension, the stretched-membrane diaphragm
(all tension, no stiffness), and a spherical-segment diaphragm. For the
latter two, sensitivity S can be increpsed through thickness t without
reducing natural frequency wn. The spherical segment has the lowest

for given thickness and provides superior high-frequency response.

The tension diaphragm is very temperature sensitive.
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All diaphragm transducers have acceleration response. If,
with no pressure change, the entire transducer is subjected to sinusoi-
dal vibration of amplitude xv and circular frequency we, the amplitude

x of diaphragm displacement from equilibrium is

x =02 xv %

[ (1 _- 2)2 + 4 t2 22]1/2 ; n

The acceleration response can be significant for small ý and w---, n.

Anti-vibration mounting in the tube walls may sometimes be necessary.

A common method of generating an electrical output from dia-
phragm deflection uses the diaphragm as one plate of a capacitor.
Capacitance change is nonlinear with plate spacing, and the maximum
diaphragm deflection is small for linear operation. The capacitance
variation may be used to amplitude-, frequency-, or phase-modulate a
high-frequency carrier in order to provide static or D-C resp-nse.
Such a system using amplitude modulation is described in Ref. 16.

High performance transducers using strain-gauge resistance
variation are described in Refs. 14 and 15. In one of these references
(Ref. 15), a catenary diaphragm transmits the load directly to a circu-
lar strain tube with longitudinal and circumferential bonded windings
connected in a bridge to glve additive output. The physical arrange-
ment achieves very low temperature sensitivity.

Variable inductance may also be utilized by using the dia-
phragm to vary core position in a coil or the ai. gap of a magnetic
circuit.

Calibration of the diaphragm transducer may be done with the
shock tube or statically with a dead weight tester if the transducer
has D-C response.

Most commercial diaphragm transducers use flat diaphragms and
have poorer high-frequency response in the low-preasure ranges than the
piezoelectric types. The pcssible low impedance level of the diaphragm
transducer, as with strain gauge resistance windings, for example, gives
it an advantage where electrical interf.erence is a problem. Commercial
flat diaphragm transducers are avtilvble for the pressure range 0 to
1 psi and up with diaphragm diameters around 3/16 to 1/8-in. minimum.
Natural frequencies for the 0 to 1 psi range are around 30 kc.

7.1.2.2 Indirect Measurement

instantaneous pressure distribution throughout an extended
region of a transient flow may be determined with spark interferometry
(Subsec. 7.2.1.4) provided the pressure-density relation is known.
The method has been used, for example, by Bleakney and co-workers
(Refs. 17 and 18) to study transient loading of structures from shock
diffraction and by the M.I.T. shock-tube group to study transient aero-
dynamics of two-dimensional airfoils in shock induced flow (Ref. 19).
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7.2 Density Measurement

7.2.1 Optical Methods--Schlieren and Interferometry

The well known optical methods of shadowgraph. Toepler
schlieren, and interferometry, which utilize the dependence of refrac-
tive index of a gas on density to record some aspect of density varia-
tion, have proved exceedingly useful for shock-tube studies when used
with high-speed photography. The advantages are no inertia lag. no
disturbing probes, and recording of conditions throughout an extended
flow region. On the other hand, the methods record an integrated or
average effect along the light path and are primarily useful for study-
ing two-dimensional or axi-symmetric flows. Their usefulness is ulti-
mately limited by insufficient density change or gradient, for example
with very weak shocks or at very low densities. With very strong

shocks, the self luminc3it) of the gas behind the shock may also cause
some difficulty.

The optical methods have been extensively documented and
only brief descriptions and results will be given here. For recent
comprehensive treatments, see, for example, Refs. 20 and 21.

For sufficient accuracy in most instances, the index of re-
fraction n is related to gas density p by

n = 1 + Kp

where K is the Gladstone-Dale constant depending on the gas and on wave-
length X. Values of K for numerous gases have been tabulated as a func-
tion of wavelength by Edelman and Bright (Ref. 22). Table 7.2-1 gives
X and K for commomnly used gases.

Loth shadowgraph and schlieren utilize the bending of light
from gradients in n. From Snell's law for refraction, radius of cur-
vature R of a light ray is given by (see Fig. 7.2-1)

1I N grad n
R n

and total angular deflection a by

Of ds

where s is arc length mcasured along 'he light path. In practice a
is usually small. It is convenient to consider component deflections
ox and ay shown in Fig. 7.2-2 for the incident ray normal to the xy

plane. For a small,

1 an 1 an
Say

x y
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where R x and R yare local radii of curvature of the ray traces in the

xz and yz planes, respectively. Then

a t9 .dz= F _ ~dz =K d z

0 x 0 0

where t=test section width. If the flow depends only on x and y,

ay = Ka t

7.2.1.1 Shadowgraph

The simplest optical technique is direct shadowgraph (Ref. 23).
A typical arrangement shown in Fig. 7.2-3 uses a lens to collimate light
from a small intense source S. The collimated beam passes through the I
flow field normal to the flow direction and falls directly on the screen
or photographic plate. Without flow, or with uniform flow density
throughout, the illumination E of the screen has a constant value

E =8 lumens/ft 2

where

B =source brightness, candles/ft2

2 .l d 5

.4S = source emission area, ft 2r

1f, focal length of L, ft
With flow having density gradients, refraction occurs, anýý a shadowpattern is cast on the screen. Illuminatiop E with flow is obtained
from the foregoing as

E_-

+ hK dz I + hK 2 dz)

0 f n
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For flow with weak derivatives this gives

E _hK f a-h + 0 dzEod

and the change in illumination is thus proportional to the Integrated
second derivative of density.

While, in principle, measurement of illumination in the image
with subsequent double integration would give the density for certain
flows of simple structure, quantitative use of shadowgraph in this
way is seldom attempted because of the inherent difficulties involved.
The chief use of shadowgraph is for detection of regions containing
large second derivatives of density such as shock waves, turbulence,
wakes, and boundary layers. A shock wave is shown by shadowgraph as
adjacent dark and light lines due to change in sign of the second de-
rivative of density. Turbulence is recorded with a characteristic
grainy pattern. Quantitative application of shadowgraph technique todetermination of density change across shock waves is reviewed by Weyl
(Ref. 20). Kovasznay has employed shadowgraph for quantitative study
of certain statistical aspects of turbulent flow (Ref. 20).

The parameters in Lhe arrangement of Fig. 7.2-3. i.e., B, dS,
fl' and h, must be suitably chosen to obtain good results. Also, of

course, for transient flows the exposure time must be very short, ref-
erably below 1 microsecond. A spark light source (Subsec. 7.2.114),
which his very high brightness, is commonly used for such short expo-
sures,

Sensitivity is proportional to h, but increase in h is limited
by lack of sharpness in the image. Each point is imaged by a circle of

hd
confusion of diameter s because of the finite source size. Thus the

dI hd
source angle y- should be as small as possible. Values of f of the

order of 0.010 in. or less are desirable. A lower limit is set by the
need for sufficient exposure. Usually, h is determined by trial and
error for optimum results and is often f. For large fields, L is

fII
often a concave first-surfaced mirror of diameter D with --- in the
range of 6 to 10. Additional optics and a camera focussed on the
screen position of Fig. 7.2-3 may be used for magnifications less than
unity and increased illumination (E. " 1

( Max. )

7.2.1.2 Toepler Schlieren

A basic Tocpler schlieren system (Ref. 24) using near parallel
light from a rectangular source of dimensions a x b is shown in
Fig. 7.2-4. Consider first a uniform density field. Each point as P
in the flow centerplane is imaged by L and camera lens L at a conju-

gate point P on the screen or photographic plate by a "cone" of light
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(shown solid) having small divergence angle e in the plan view
s f 1

shown. An image of the source of dimensions a. x bi is formed a dis-

tance f from 1- at which point there is a knife edge K. The source

image may be thought of as a superposition of separate images formed
by light through al) points as P. Each point of the source image re-
ceives light from all such points P. If knife edge K is moved in at
the position shown to partially cut off the beam (cut-off edge parallel
to dimension bi perpendicular to paper), the field image will thus

darken uniformly.

In use, K is inserted to partially cut off the beam and

darken the field image uniformly. Suppose a density gradient at P is
such as to deflect the cone imaging P as shown dotted, i.e., off the
knife edge. Then P', the image of P, receives more light than neigh-
bouring image points. The opposite effect results for deflection onto
the knife edge. Thus ray deflections e perpendicular to the knife edge
produce corresponding changes in screen illumination E.

If K cuts off all but q of the width ai, the background il-
lumination E is

E = B qb_

12flI f2 m

where m = -ag.7fication -Image size
Object size

If rays through P are deflected through angle a perpendicular to K,
the corresponding change AE in E at P is y

B b

f m

Thus the contrast is

E2

__X _2- K dz

and the schlieren technique records the integrated first derivative of
density perpendicular to the knife edge. The sensitivity S is defined
as

Sf
S = (M_) = _
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If ay is sufficiently large, the cone through P is completely

deflected on or off the knife edge. No further change in E with ay re- j
sults, and the system is said to be overloaded. For equal maximum de-
flection amax in either direction, a = al/ 2 = f2 max*

Thus f I
Sareax

and high sensitivity implies small maximum deflection before over-
loading. The overloading problem is alleviated with the use of a
variable transmission filter (Ref. 25) rather than a knife edge.

Apart from overloading, use of high sensitivity S is limited
by the minimum useful background illumination, since E dl/S (Ref. 26).
Over a large range of E, the smallest change in E detectable by the

'k~min

eye is directly proportional to E (Weber-Fechner Law), i.e., E is

a constant. This desirable relation fails for E sufficiently small

whereupon E increases rapidly with decreasing E.

With large-diameter fields, parabolic or spherical first-
surface mirrors are often used in place of lenses L, and L2 , Fig. 7.2-4,

for economic reasons. Mirrors avoid chromatic aberration completely.
The usual single-pass layout with mirrors is shown in Fig. 7.2-5. The
source and knife edge are offset in the same plane, but to opposite
sides of the axis. The off-axis source gives astigmatic and comatic
aberrations in the source image. Coma is essentially cancelled with

= 0 and f, f2 . Astigmatism is not serious for e less than about
fl f2

8 deg. Values of D- or Y- range from about 5 with the largest mirrors

(D -50 in.) up to 10 with the smaller mirrors (D - 12 in.).

Further information on schlieren system design will be found
in Refs. 25, 26, and 27. A recent review of shadowgraph ano Toepler
schlieren has been given by Beams (Ref. 20).

In principle, for flows of sufficiently simple structure the
integration of local image illumination produced by schlieren would
yield local density variation. As with shadowgraph, however, quantita-
tive use of schlieren in this way is inherently difficult and seldom
attempted. A complication with knife-edge schlieren arises from con-
sequent diffraction effects which are neglected in the foregoing theory.
In this connection, it may be noted that such diffraction effects may
be eliminated in practice by use of a variable transmission filter

rather than a knife-edge (Ref. 25). Quantitative use of schlieren is
discussed in some detail in articles by Weyl and Beams (Ref. 20).

While seldom used for quantitative density measurement,
schlieren is a powerful method for detection and location of density
gradient regions as shock waves, expansion zones, or boundary layers.
Shock waves are recorded as a single white or dark line depending on
knife-edge orientation. Schlieren will often clearly reveal very weak
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shock or expansion waves which are difficult to detect by interferometry
because of small over-all density change. One of the many possible ap-
plications of schlieren in shock-tube studies is to measurement of at-
tached shock angle for a thin wedge in supersonic'flow, from which flow
Mach number may be deduced. Other applications for determining primary
shock wave strength and the flow properties behind the wave are given
in Subsec. 7.4.2. The schlieren light-screen technique for measuring
shock speed is described in Subsec. 7.4.1. The wave-speed schlieren
technique follows.

7.2.1.3 Wave-Speed Schlieren

The Toepler schlieren technique has been used to obtain dis-=
tance-time or x-t photographic records of density gradients in shock
tube flows (Refs. 28, 29, and 30) by masking the image plane to a long
narrow slit in the flow direction and recording with a rotating drum
camera. The arrangement, shown schematically in Fig. 7.2-6, samples at
depth . of the flow where t is the image plane slit opening and m the

magnification. With the film rotating at constant linear speed V, a
sharp density gradient, such as a shock wave, moving across the field
at speed w would leave a trace on the film as in Fig. 7.2-7. The local
speed w at any point as P is

Wp Y tan p-

The slit opening t must be small, of the order of 1/32 in. or less, to
obtain thin, well defined traces.

In the UTIA apparatus (Refs. 29 and 30) a steady light source
is used and is collimated and imaged by parabolic mirrors (D = 12 in.,
f = 72 in.) rather than lenses. A focal plane shutter uncovers the
image plane slit for one drum revolution. Drum speed is accurately
measured with a photocell-chronograph system, and reference timing
marks may also be placed on the film. The accuracy in wave-speed meas-
urement is about 2 per cent at high wave speeds (a.-j75 deg) and less
than 1/2 per cent at low wave speeds (a - 45 deg). Usable shock traces
are obtained with channel pressures down to 0.4 mm Hg at diaphragm pres-
sure ratios of 10,000 (air/air). The apparatus has been used to study
numerous aspects of the basic shock-tube flow and many one-dimensional
wave interactions. A typical wave-speed record obtained with this
equipment is shown in Plate 1.1.1.

Similar drum-camera recording has been used to obtain x-t
records of self-luminous strong shock fronts (Ref. 31). The technique
required no schlieren effect nor external light source. The test sec-
tion windows were masked to a 1-mm slit parallel to the flow direction.

7.2.1.4 Interferometry

Whereas shadowgraph and schlieren depend on the bending of
light rays by refractive index gradient, the interferometric method de-
pends on variation with refractive index of the light ray transit time
across the flow. The Mach-Zehnder (M-Z) interferometer (Refs. 32 and
33), most commonly used in aerodynamics, is illustrated in Fig. 7.2-8.
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Here S and S2 are plane parallel splitting plates of equal thickness

designed to reflect 50 per cent and transmit 50 per cent of light in-
cident at angle a, while M1 and M2 are full reflecting first-surface
plane mirrors. Light from a single small source S is collimated to a
parallel beam incident on S 1 at angle a with the normal. This incident

beam is split into two beams by S1 , over paths 1 and 2, which are re-

combined following splitter S2* Path 2 contains the test section
bounded by suitable windows perpendicular to the Z-axis. Flow may
occur along the X-axis perpendicular to the paper. Path 1 contains
a compensating chamber which equalizes the total glass thicknesses of
the two paths (equal dispersion) and in which gas density is kept con-
stant. The angle a is shown as 45 deg, but a smaller value is advan-
tageous.

Assume a monochromatic point source of wavelength X and per-
fect optics. With uniform density throughout the test section and all
plates parallel the illumination over any plane as z-z following S2

will be uniform. If any plate, •2 for example, is then rotated through

a small angle C, the plane wavefronts will recombine at angle 2e and
X

straight interference fringes of spacing b = (to first order) paral-

lel to the axis of plate rotation will be visible at z-z. At points
of maximum light intensity the difference in optical path length

4--J ndz = OPL 1 ,2
source

for the two paths, i.e., the optical path length difference (OPLD) is
NX, where N = 0, 1,2 denotes the fringe order. At points of minimum

light intensity, OPID (N + ')X. If the test-section density is
changed uniformly by •p, the OPL 2 changes by i~n = K~o, and all

fringes of the above system shift transverse to their direction a con-
stant distance

- _b = b
A X

The U-Z arrangement may be operated in one of two ways. In
tbe so-called infinite fringe method, the angle C is zero (b---V.co) and
with uniform density in the test section illumination is uniform over
z-z. With flow containing gradients in p, and thus gradients in n, a
fringe pattern is formed such that

1 / 2 f/ 2
f ndz =f (1 + )dz

--2 -/2

is constant on any one fringe and changes by X for adjacent fringes.
Thus for two-dimensional flow, p p(x, y), (1 4 Kp) I is constant
along any one fringe, and if p is known on any fringe it is known on
all fringes throughout the field.
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In the initial fringe method, plate rotation C is used to ob-

tain an initial uniform fringe pattern of spacing b = A with no flow

and uniform density pi. With flow, local OPL 2 changes by

f ndz - Ini = Kf (p - pi) dz

-f/2 -1/2

and the corresponding local fringe shift from the initial fringe
position is

Kb f (p - p) dz

-1/2

Usually, some part of the flow field has known uniform density p, and

contains uniform parallel fringes of spacing b. The local fringe shift
fp from this uniform flow condition is then

t lb (p - pl) dz

f ~/2

as illustrated in Fig. 7.2-9. For two-dimensional flow

4p Kb (Pp - P)

or (1)

PP P1 + - _b•.

Thus measurement of fringe shift 4 enables p to be determined. used

In practice, the initial fringe method is more commonly used,
as the true infinite fringe condition is almost impossible to attain
due to slight plate imperfections. (The infinite fringe result can
also be attained by superposition of flow and no-flow initial fringt
interferograms.) The constant in Eq. (1) may be computed, but is

best checked by determining fringe shift produced with a known density
change, such as that across a shock wave of known strength. i

Any real interferometer differs in several respects from the

ideal instrument described. A light source of finite size has the ef-
fect of focussing the fringes, i.e., they are of highest contrast in
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one particular plane, and limits the number of distinct fringes attain-
able on either side of the zero order fringe. In practice, L field
lens (or mirror) and camera follow S 2 with the camera focussed on some

plane of the test section. The plane of maximum fringe contrast should
coincide with this camera object plane, and to obtain this condition
rotation controls are necessary for other plates as well as S2* A poly-

chromatic source produces a beat effect. Two discrete wavelengths, for
exampie, give a superposition of two sets of fringes of different spac-

ings b 2 1,2 1  . For white light, this superposition washes out all

but the zero-order fringe and a few coloured fringes on either side--
the so-called white light fringes. Interference filters are commonly
used to obtain half-bandwidths of 150 A or less with 30 or 40 per cent
peak transmission. As a consequence of real source effects, in practice
the optical path lengths 1 and 2 must be closely equal to obtain useful
fringes. Towards this end, one plate is usually provided with a pure
translation movement. The appearance of white light fringes is the cri-
teria for correct adjustment.

The interferenc• optical components such as splitting plates
and mirrors must be of high quality to produce good interference fringes.
Local surface unevenness, for example, should preferably be less than
1/4 wavelength. It would seem that requirements for windows can be re-
laxed somewhat, as good results have been obtained with windows of
selected polished plate glass (Ref. 37). Regarding the specification
of optical components, an over-all system specification for acceptable
fringe quality, such as a maximum fringe waviness or curvature of 1/4
fringe spacing, is preferable to stating tolerances for the individual
components.

Good mechanical desigr should achieve convenient plate con-
trol and beam alignment with the test section, insensitivity to vibra-
tion and to ambient temperature change, and minimum physical size.

An excellent general review of practical M-Z interferometry
has been given by Landenberg and Bershader (Ref. 20). For a detailed
analysis of the effects of non-ideal optical components, see Ref. 34.
Specific instruments and operating techniques are described in Refs. 35,
36, and 37.

The M-Z interferometer has been extensively used in shock-
tube studies for quantitative density measurement, for example, by
Bleakney and co-workers at Princeton in the study of shock wave dif-
fraction, refraction, and gas relaxation phenomena (Refs. 17, 38, 39,
40, 41, and 42). It has also been applied to shock-tube boundary-layer
studies (Refs. 43, 44, and 45). In the boundary layer, refraction ef-
fects can be significant. Corrections for refraction and for other
secondary effects not included in Eq. (1), sucb as boundary layer on
the windows, are given in Ref. 46.

A Michelson interferometer with 1/8-in. diameter field and
phototube recording of light intensity in the interfering beams
(Ref. 47) has been used to obtain time variation of density at a fixed
position in the shock tube.
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7.2.1.5 Light Sources and Recording

The foregoing optical techniques require very short exposure
in shock-tube studies to avoid significant movement of the image on
the photographic film or plate. The simplest and commonest method for
single exposures uses a short-duration spark gap light source. The
spark may be triggered at the desired instant by a pulse from one of
the shock detectors, described in Subsec. 7.4-1, fed via an adjustable
time delay circuit. In the usual arrangement the spark discharge oc-
curs in air with energy supplied from a low-inductance capacitor. The
discharge current is oscillatory because of the small gap resistance,
of the order of an ohm or less. Added damping resistance decreases
the energy delivered to the gap. For effective durations of 0.1 to
1 microsec, the inductance of the capacitor and discharge circuit must
be kept to a minimum. Special low-inductance capacitors are sometimes
used. If the discharge energy is too large the light output may be
maintained despite current oscillations and decay (Ref. 48). The dis-
charge energy should not exceed about 5 joules for minimum duration.
Usual capacities and voltages are in the ranges of 0.01 to 0.2 A fd and
5 to 30 kv. The unconstrained gap provides less light but shorter dura-
tion than when constrained and is commonly viewed end on (as in
Fig. 7.2-10). The size of the viewing hole depends on the application,
and might vary from 0.015 in. diameter for shadowgraph to 0.25 in. di-
ameter for interierometry, where light losses through the instrument
are very large. Regarding electrode materials, the volatile metals as
magnesium or aluminum vaporize readily. They give higher intensity
but have a longer duration than tungsten or steel.

The spark gap designed by Kovasznay (Ref. 49) uses six tubu-
lar capacitors* located concentric about the gap electrodes to minimize
circuit inductance. Figure 7.2-10 shows the arrangement. The spark is
fired by application of a voltage pulse to the trigger electrode. The
resulting trigger spark between it and the rear electrode initiates the
main discharge. Measurement of spark duration with a rotating-mirror
camera for 600G-volt discharge showed a light intensity decay to 1/50
maximum value in 0.8 microsec.

Figure 7.2-11 illustrates the transmission-line technique
used by Beams et al (Ref. 50) to achieve effective durations of the
order 0.1 microsec. The discharge energy is stored in the capacitance
of a coaxial line connected to the gap through its characteristic re-
sistance R (non-inductive) and open ended. On gap discharge, a wave
travels dohn the line and reflects. If, when the reflected wave a.-rives
back at the input end, the gap resistance has dropped to a negligible
value compared to Ro, no further reflection occurs and Lhe potential

at the input end is reduced to zero. Beams used a line giving 0.1
microsec for the discharge wave round trip (about 9 ft of An RG 8/U co-
axial cable, Ro = 52 ohms). Additional lines may be added in parallel

to increase the energy of discharge.

The disadvantage of the foregoing transmission-line spark is
the large energy loss in the necessary matching resistance R . This

has been overcome by dltzpatrick et al (Ref. 51) through the use of a
barium titanate cylinder with fired conductors as the transmissicn line.

Condenser Products Glassmike, non-inductive type.
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The surge impedance of this line was of the order of an ohm, and no
added matching resistance was required. Also, for the dimensions used
(I.D. 2.5 cm, O.D. 5 cm, length 16.5 cm for 0.1 microsec discharge)
the titanate line had about 20 times the capacitance of an equivalent
length of RG 8/U cable (about 9.5 m). The resultant gain in light in-
tensity was a factor of about 900 over RG 8/U cable with 0.3 microsec1
total period from initial zero to - of peak.

While single spark ex:posure is simple, it does necessitate
successive shock tube runs to obtain time histories. An alternative
is a repetitive source-moving film camera arrangement or a continuous
source with a high-speed framing camera (Refs. 52 and 53). Comlercial
high-speed framing cameras used include the Beckman and Whitley camera,

which provides 25 frames at up to 2 x 106 frames/sec, and the Fastax
camera, which was applied usefully at about 7000 frames/sec in the
C.A.L. hypersonic shock tunnel (Ref. 54).

Regarding recording materials, it is well known that pub-
lished data pertaining to photographic emulsions used at ordinary long
exposure times does not apply for microsecond exposure. However, most
of the fast films such as Kodak Tri-x panchromatic and Linagraph pan*or Ilford H.P. 3 hypersensitive pan***, are found satisfactory for spark

exposure. For quautitative interferometric studies, spectroscopic
plates such as the Kodak type 103-J** are satisfactory. They avoid
film shrinkage and may be obtained with a narrow sensitivity range to
match the wavelength used. Overdevelopment of negatives and printing
on hard paper is usual to obtain maximum contrast.

7.2.2 Absorption Methods

Methods of density measurement depending on absorption of an
X-ray or charged corpuscular beam by the gas have as yet received little
application in shock-tube studies (Refs. 56, 57, and 61). Winkler
(Ref. 55) has reviewed absorption methods and points out certain advan-
tages they hold over conventional optical techniques. particular,
the usual difficulties encountered in interferometry traction by
steep density gradients and diffraction with solid s- _ -s are largely
avoided. Charged particle beams, such as a particles .t ons, or elec-
trons, offer the possibility of measurement at densit._& well below the
useful limits of interferometry.

Kistiakowsky (Ref. 56) used moderate soft X-ray absorption to
observe density transitiun in the deflagration zone behind a detonation
wave. A continuous X-ray beam (20-kv tube, 30-ma current) of the order
of 3 mm wide was shot across the shock tube (through beryllium windows)
onto a terephynal crystal masked from ambient light by an aluminum film.
A photomultiplier converted the crystal output to an electric signal
which was coupled to a cathode-ray oscilloscope. The fluctuation in
photosultiplier output was only a few per cent -if the mean value. The

Manufactured by Beckman and Whitley, Inc., 985 S•n Car)os Ave., San
Carlos, Cal.

Manufactured by Eastman Kodak Company, Rochester, N.Y.

Manufactured by Ilford Limited, London, England.
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technique has recently been improved with use of a flash X-ray tube
(Ref. 57).

Schopper and Schumacher (Ref. 58) studied the suitability of
a particles, protons, and electrons for charged particle probing beams.
Later (Refs. 59 and 60), steady low-density gas jets were studied by
shadowgraph with low-energy electron beams (3 to 30 key), and by after-
glow with sharply defined high-energy electron beams (50 to 100 key).

The shadowgraph technique is applicable down to 10-3 mm Hg.

Venable and Kaplan (Ref. 61) have used electron beam absorp-
tion in the shock tube to measure density rise across a shock wave in
gas at low density. A 10-key electron beam crossed the tube onto an
activated photomultiplier detector with the output displayed on an
oscilloscope. The time and space resolution claimed is 1 microsec and
less than 0.5 mm (beam diameter), respectively. The lowest expansion
chamber pressure minntioned is 0.05 mm Hg with argon.

7.3 Heat Transfer and Temperature Measurement

Techniques for heat transfer and temperature measurement in
the shock tube include the thin-film resistance thermometer (Sub-
sec. 7.3.1) ar.d thermocouple (Subsec. 7.3.2) giving body surface tem-
peratures, the calorimeter gauge (Subsec. 7.3.3) giving heat transfer,
the hot-wire anemometer (Subsec. 7.3.4) giving flow stagnation tempera-
ture, and interferometry (Subsec. 7.3.5) giving static temperature from
measured density. Very high temperatures attained in ionized flows be-
hind strong shock waves have been estimated from spectroscopic studies

; of the radiation emitted (Ref. 107).

7.3.1 Thin-Film Resistance Thermometer

Thin-film resistance thermometers for measuring body surface

temperature change with time in shock-tube flows have been developed
in receiut years by a number of workers (Refs. 62, 63, 41, 64, 65, 66,
and 70). From the measured change in surface temperature with time,
surface heat transfer rates may be calculated. A recent review of thin-
film techniques is given in Ref. 112.

The thermometer consists of a very thin metal film on an in-
sulating backing operated at small constant current. In practice, the

operating procedure is similar to that for a constant-current hot-wire
anemometer, and for measurement of film cold resistance R and current

1 0it is convenient to make the film one arm of a bridge as indicated

in Fig. 7.3-1. If film temperature changes are not too large,

RF [ 11 + ct(T F - T A)

where TF is film temperature, Ro is film resistance at temperature To,

and a is a constant coefficient. The voltage EF across the film is

EF I R 1F 1 0 R 0 1 + i(TF - ToA
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Thus an oscilloscope record of F gives IF from

TF TO R

The device is made practical for shock-tube studies by using
gold, platinum, or rhodium films of the crder of 10-5 cm thick. The
heat diffusion time constant of such a filw is (Ref. 66)

!2
PF C F 62

k I
where

PF = density of film

CF= specific heat capacity of film

6 = thickness of film

kF Z thermal conductivi t y of film

For platinum or gold with 6 = 10-5 cm, then is of the order of 10-10

see. Thus for practical purposes the film records instantaneous sur-
face temperature of the backing. This recorded surface temperature,I' however, lags the surface temperature the backing would have with zero

film thickness, as the film has a small but non-zero thermal capacity.
The time lag can be made very small. In the case of a suddenly ap-

plied heat transfer rate qr. -L (t = time), where surface temperature

jumps instantly to a constant new value rB with zero film thickness,
the surface temperature with finite film thickness (recorded by the
film) attains about 94 per cent of TB in a time (Ref. 68)

Th 100 (I 
aF 

C F 6)
98 PB CB

where subscript B refers to backing material. With gold fim on quartz
backing IT is roughly 3 x 10-6 sec for 6 = 10-5 cm and 3 x 10-8 sec for

6 = 10-6 cm. Thus with 8 = 105 cm or less, for many practical purposes
the thin-film thermometer records a temperature T equal to the true

body surface temperature TB attained with zero film thickness.

The insulating backing for the film may be the model itself
made of quartz or glass (Refs. 65, 67, and 70), a plug designed to fit
flush in the model or shock-tube wall (Refs. 62 and 63), or a piece of
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tape (Refs. 41 and 64). With the usual duration tD of shock tube flows

the depth Yh of heat penetration Into the backing is very small and is

given approximately by (Ref. 66)

- ~ ~Yh-

Usually Yh is much smaller than the backing thickness. Also, tempera-

ture gradients along the surface are usually small compared to gradients
normal to the surface. Thus the backing acts as a semi-infinite heat
sink in which the heat flow is essentially one-4imensional and normal
to the surface. As the backing surface temperature TB = TF is known as

a function of cime from an oscilloscope record of E., the rate of sur-

face heat transfer F

q(0,t) = - Ty =

where y is distance norm:Ll to the backing surface, can be obtained by
solution of the classical one-dimensional heat conduction equation
(Ref. 69) as

" vr Bp f t 1 dT B
q(O't) = U__ _ t-"- d r

In terms of EF, this is

q t 1_ 
dE.(q( 0,t) -I o R o a j f vr -- • d T (2)

where

A more refined analysis of the thin-film thermometer which
includes a first orde-" correcticn for film thickness is given b, Vidal
(Ref. 65). It is shown that in the case of a constant heat trat.sfer
rate q(O,t), the difference in actual backing surface temperatrre from
that for zero film thicknebs Lecomes less than 6 per cent within

10 microsec for 8 • 10-5 cm with platinum on quartz. The per cent dif-
ference is shown in Fig. 7.3-2 as a function of time for various values
of 8.
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Various film techniques used include bonded gold foil
(Refs. 62 and 65), gold and rhodium evaporation under vacuum (Refs. 3,
41, 64, and 65), platinum sputtering (Refs. 3 and 66), and simple
painting with special metallic paints or pastes such as Hanovia liquid
Bright Platinum No. 05 - x* (Refs. 65, 67, and 70). With the last
method, the film is baked at high temperature to drive off the vehicle
which carries the metal salts in suspension. Application of the paint
in thin layers', with each layer baked, produces a very durable film.
Evaporation and sputtering methods perhaps offer the best control of
film thickness. Typical film dimensions are 1 mm by 1 cm with cold
resistance RO IV50 ohms and operating current I0 10 to 20 ma. Typi-

cal voltage output is then of the order of I mv/ 0 C for gold and plati-
num. Connection of electrical leads to the film is aided with con-
ducting paint.

Use of the thin-film thermometer for surface temperature
measurement requires knowledge of Io, R., and a, Eq. (1). Both I° and

R. can be measured by conventional bridge methods for each run. The
thermal coefficient of resistance a is usually considerably less than
that for the homogeneous bulk material (typically one-hpIf or less)
and must usually be determined by calibration for each film. The re-
quired temperature range of calibration depends, of course, on the ap-

. plication. The maximum temperature rise on insulated models in hyper-
sonic shock tunnel flows of the order of one millisecond duration is
of the order of 150%C. For heat transfer measuremei-t, the additional
constant 0, Eq. (2), of the film backing must be known. Again, bulk
values may be inaccurate and calibration is desirable. The value of

may be determi.ied by measurement in the shock tube under conditions
where the heat transfer is known. For example, the film may be located
at the stagnation point of a blunt body or on a flat plate airfoil and
its output recorded for flow induced by a weak shock of known strength

(Refs. 65 and 67). A transient method for determining 1 which involves
no flow is to supply a sudden and known constant rate of heat input by
means of a long time constant condenser discharge through the film
(Ref. 66). The known theoretical solution for film temperature
(TF - 00 and the recorded output EF for the first few hundred micro-

seconds enable - to be determined.

The thin-film thermometer has been used to measure surface
temperature rise and heat transfer at shock-tube walls (Refs. 62, 63,
64, 66, and 45), as an indicator to determine boundary layer transition
(Ref. 113), and as a shock wave detector (Ref. 41**. Sputtered and
painted films have proved sufficiently durable for measurement of heat
transfer to models in hypersonic shock tube tunnel flows (Refs. 63, 65,
66, 67, and 70). While the thin film has a wide range of application
in shock tube aerodynamic studies, its quantitative use becomes diffi-cult under certain extreme conditions. Such conditions include, for

Manufactured by Hanovia Chemical and Manufacturing Co., Ceramic Divi-
sion, I West Central Ave., East Newark, N.J.

A recent note on some aspects of thin-film response in ionized flows
is given in Ref. 109.
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example, very high heat transfer rates and/or long flow times giving
excessive film temperature rise; sufficiently high gas temperatures
to produce thermal ionization, in which case the film may be partially
short circuited by the electrically conducting gas (e.g., Refs..109
and 113); the presence of foreign particles, s.hi as dust in the gas
stream, which erode the film; or the presence at hiigh electrical inter-
ference as from arc discharges. Difficulties experienced with thin-
film resistance thermometers under such extremes of operation have led
to development of "thick-film" surface calorimeters (Subsec. 7.3.3) for
use where thin films are not feasible.

When mounted on the shock tube wall the thin-film thermometer

shows a step rise AT, in backing temperature (see Subsec. 7.4.1) on

passage of the shock wave due to heat transfer q(O,t) -L with the

initially laminar boundary layer induced by the shock (Subsec. 3.2).
A typical wall record is shown in Fig. 7.3-3. The transition to tur-
bulent boundary layer is marked by the sudden change in slope. Use of
the film thermometer as a shock detector is further discussed in Sub-
sec. 7.4.1.

7.3.2 Thin-Film Thermocouple

A thermocouple design introduced by Hackemann (Ref. 71) for
use in gun barrels has been improved by Bendersky (Ref. 72) to the
point where the response is sufficiently fast for shock tube applica-
tion. The couple junction (Ref. 72) consists of a 1-micron thick film
of nickel evaporated onto the polished end face of a 0.090-in. outside
diameter steel cylinder. The cylinder houses a nickel wire insulated
by nickel oxide from the steel but contacting the nickel film. The
film is exp(.ied to the flow.

Attempts to use this thermocouple in shock tube applications,
have been reported as unsuccessful due to the fragility of the film
which was destroyed on the first or second run. It might be noted that
the thermocouple output is of the order of 0.03 mv/*C (Ref. 72) as com-
pared to 1 mv/OC for the thin-film resistance thermometer. For the
range of surface temperatures measured in shock tute flows, the thin-
film resistance tnermometer appears preferable to the thermocouple be-
cause of its greater output, simplicity, and ruggedness.

7.3.3 Calorimeter Heat-Transfer Gauge

An alternative to the thin-film resistance thermometer for
heat transfer measurement is the fast response calorimeter gauge de-
scribed in Ref. 70. The calorimeter gauge is mechanically similar to
the thin-film thermometer except that the thickness (heat capacity) of
the calorimeter resistance element is made sufficiently large for the
element to retain essentially all tie heat received in the required
test time. For one-dimensional heat flow into a plane resistance ele-
ment and no losses to the dielectric backing, the instantaneous rate
of surface heat transfer q(0,t) per unit area can be written

q(0,t) = pM CM 6 M A ATAY
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where

PM = density of metal resistance elenment

CM = specific heat capacity of resistance element

6M = thickness of resistance element

AT = average temperature rise through resistance element at time t:
AV

M f [T(y,t) - To] dy
0

To = initial uniform temperature of resistance element

y = distance normal to exposed surface of resistance element

For small times, if the temperature rise ATAV is small, the approximate
relation

d • 1 dE
dt AV I Ro dt

may be assumed, where

E = voltage across metal resistance element

I = constant current through resistance element

Ro = electrical resistance of element at temperature To4 ý = temperature coefficient of resistivity of element

Thuis
Thus PM CM 6 M dE

q(O, t) • MI R° dt

and the instantaneous heat transfer rate at the exposed surface of thaelement may be obtained from the corresponding slope of a voltage-
versus-time oscilloscope record.

In practice, there is heat loss to the dielectric backing on
which the resistance element is mounted. This may be calculated and
corrected for. The losses can be reduced by increasing the element
thickness 6 and by leaving a small air gap between the element and

the backing. An upper limit to the thickness 6M is set by the need for

sufficient average temperature rise in the short test times tI provide
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measureable voltage change across the element with practical currents.
It is convenient to refer the element thickness to the characteristic
heat diffusion length IM for the element material and test time t, de-
fined by

where

t = test time

km = thermal conductivity of element material

For the thin-film thermometer, the film thickness is made much smaller
than f For the calorimeter gauge, the heat losses are relatively

small if the element thickness 6 M is equal to or greater than fM" Fig-

ure 7.3-5 shows calculated ratios of heat loss to a pyrex backing to

heat input into a metal element versus t/6M2 for several element mate-
U

rials, assuming perfect contact between element and pyrex. With plati-

num, for example, taking 6M ý (M gives t/6M2 = 4.14 sec/cm2 for which

the heat loss to the pyrex is about 5 per cent. For a test period t
of 100 microsec, the required element thickness 6 is then about

0.5 x 10- cm, or of the order of 100 times greater than the thickness
for a thin-film thermeaieter.

The much lower temperature rise experienced by the calorimeter
as compared to the thin film permits its use for L,-ch larger heat trans-
fer rates and longer flow times. The low electrical resistance of the
calorimeter makes it less susceptible to electrical interference than
the film, although relatively large measuring currents are thereby re-
quired. Data reduction from oscillograph records is simpler for the
calorimeter gauge than for the thin film, although the measurement of
slopes is inherently inaccurate.

Reference 70 reports the use of a platinum calorimeter gauge

to measure heat-transfer rates in the range 0.5 to 20 kw/cm2 at the
stagnation pzint of a pyrex hemisphere-cylinder body in flows behind
shocks of Mach numbers up to 17. One considerable advantage of the
calorimeter gauge is its greater durability resulting from the increased
element thickness. Also, Ref. 70 reports that bulk properties of the
metal rasistance element proved sufficiently accurate with the element
thicknesses used (of the order of 0.003 cm).

7.3.4 Hot-Wire Anemometer

"The hot-wire anemometer has to date had limited application

in shock-tube studies. Kovasznay and co-workers (Refs. 73 and 74) first
studied the transient response of a constant-current hot wire in shock-
tube flows and applied it to measurement of mass flow and stagnation

temperature jumps and as a wave detector for timing and triggering pur-
poses (Ref. 75). Billington (Ref. 76) used a constant-current hot wire
to measure mass flow and stagnation temperature in a shock tube study
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of refraction of a rarefaction wave at a contact surface. A recent
comprehensive review of hot-wire anemometry has been given by Kovasznay
(Ref. 77). In addition to references cited, use of the hot wire in the
shock tube is furtLer described in Ref. 78.

Basically the hot-wire anemometer consists of a very fine
wire (typical diameter d = 0.0001 in., length 1 = 0.1 in.) mounted be-
tween two conducting probes which is placed in the flow and heated by
an electric current I (Fig. 7.3-4). Usually, the wire forms one arm
of a Wheatstone bridge. The principal wire heat lose is to the flow
by forceJ convection and is dependent on mass flow and flow stagnation
temperature. Changes in either produce changes in wire temperature or
electrical resistance which generate an electrical signal. The simplest
type of operation is with constant heating current I obtained with a
large current source impedance. In this case, the output signal is the
wire voltage change which is a direct measure of wire resistance or
temperature change. A second type of operation is with constant wire
temperature or resistance. This is accomplished by varying the heating
current I with negative feedback circuitry to closely compensate wire
temperature changes resulting from flow changes. The hot wire is a
low-impedance device with typical resistance values being 50 ohms or
less.

The instantaneous energy balance for the wire may be ex-
pressed as

dT
W-Hc-j- (H)

where

C = wire thermal heat capacityw

T = effective wire temperaturew

W = rate of heat input to wire =12 R

R = Rf [1 + a(Tw - Tf)1 = effective wire resistance (for small
w ~f~ range of Tw - Tf

Tf = reference temperature

1 = constant, resistance coefficient
H = total rate of heat loss from wire

A crucial term in Eq. (1), insofar as practical use of the hot wire is
concerned, is the total rate of heat loss H. It is usually assumed
that the instantaneous heat loss is that which would exist in steady
flow under the same instantaneous conditions. The contributions to H
nome principally from forced convection, but there can also be radia-
tion, free convection, and conduction, including losses to the supports.
Usually radiation is negligible and support losses are small enough to
treat as a correction. Free convection effects become significant only
for very low mass flows. The complexity of the heat transfer problem
is such that no general theoretical sk,lution exists and empirical heat
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loss laws based on experiment guided by dimensional analy:.is must be
relied on. In dimensionless form, the heat loss can be expressed in
terms of the Nusselt number Nxi as

H
Nu =n

u k (Tw - Tr)

where

k = thermal conductivity of fluid

T ý temperature attained by unheated wire (I = 0)
r

= wire length

Dimensional analysis shows that Nu depends on the following dimension-
less ratios (Ref. 77):

M =Mach number = Va

Re = Reynolds number QVd

Pr = Prandtl number =Cp
k

= Specific heat ratio = Cp/C

T - T

to V temperature loading T wr, To= stagnation temperature

f/d = length-diameter ratio of wire

angle giving orientation of wire

A much used heat transfer relation for low speeds is that due
to L. V. King (Ref. 79). King's law was derived theoretically for in-
compressible potential flow about an infinite cylinder normal to the
flow direction. In dimensionless form, King's law may be expressed as
( Ref. 77)

Nu = C 1 IR ' C2

for constant Pr. Most experimental studies at incompressible speeds

bear out the linear )/Re dependence of Nu although the experimental con-stants C1 and C2 differ considerably from King's theoretical values.

Spangenberg (Ref. 80) has observed additional dependence of Nu at in-
compressible speeds on the Knudsen number A/d, where A = mean free

path. At compressible subsonic speeds the linear J/-e dependence of Nu
also applies (Ref. 80), but there is also dependence or. Mach number,
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temperature loading, and Knudsen number. At supersonic speeds the VR
dependence persists (Re based on conditions behind normal shock wave)
with further dependence on temperature loading but only slight depen-
dence on Mach number (Refs. 80, 81, and 82). Most measurements of re-
covery temperature Tr indicate it to decrease from T0 at M = 0 to about

0.96 To at M r.1, to remain constant for M > 1, and to have practically

no dependence on Re (Refs. 80, 81, and 82).

If King's law is assumed, H can be expressed as

H = (A' V-p- + B') (T - T r)

where

B' ki, A' f V2,Tk C d
p

may be determined at a given temperature by calibration. Thus from
Eq. (1) it follows that

dTw
I R (A' ypl/ + B') (Tw - Tr) = C -- (2)

W r wdt

Equation (2) has been used (Refs. 73, 74, and 76) as the basis for con-
stant-current hot-wire rieasurement in the shock tube of quasi-steady
flow regions bounding sudden flow changes. In the quasi-steady end

dTw

states, dt w- 0 and from Eq. (2)

12 R Rw -r (At p-i+ Bt') (3)w aRr

taking T Tr in expressing Tw in terms of Rw. Operation at constant
fr

current I enables changes in R. to be obtained from oscilloscope re-

cordings of wire voltage E. = I Rw. Changes in Rw result from either

mass flow change (pu) or recovery temperature change (Rr a T r TO ).
With high heating current the wire is mainly mass flow sensitive, while
with low heating current it is mainly temperature sensitive. The two
effects produce changes of opposite sign in wire voltage and may be
separated by duplicate shock tube runs with different currents. Equa--
tion (3) then gives two algebraic equations solvable for the unknown
mass flow and recovery temperature. The recovery temperature is equal
to the flow stagnation temperature to within a few per cent.

, dT w

Where the time derivative term !!_w cannot be neglected, the

wire response for small fluctuations of flow parameters is characterized
by a thermal lag time constant H (Ref. 77)

C
- w
M =H aW

oT aTw
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In terms of wire voltage fluctuation dEw, Eq. (1) leads to

AE + M dt Uw AE

for constant current operation, where AE is tne ideal response with

zero lag, I 0, (or the static response). For King's law heat loss,

naw

where
C

n -constant of wire = w
aR f

aw mean overheating ratio Rr

Thus P depends not only on the properties of the wire but also on the
mean wire operating conditions. Usually M lies in the range 0.1 to 1
millisec with practical equipment. The desired ideal response AEs may

be recovered from the distorted wire output AEw by passing AE through

an electronic compensating amplifier having the inverse characteristics
of the wire (Ref. 77).

The constant-current compensation technique is only applicable
for small fluctuations in flow parameters about constant mean values
where A can be considered constant. Thus the technique is of little
use in the shock tube for studying transitions in mean flow parameters
such as, for example, mass flow and temperature change through a rare-
faction wave. For shock-tube transition studies the constant tempera-

dT
ture system is superior as d- is made negligibly small and the steady

state relation (3) applies. Duplicate shock tube runs at different
initial heating currents then provide information for two algebraic
equations solvable for mass flow and temperature at each step of the
"transition. The same technique may be used with constant-current opera-
tion without compensation (Refs. 76 %nd 78), but in this case the time
derivative terms must be included. This involves measurement of slopes
as well as amplitudes from the oscilloscope records of Ew, and the data
reduction becomes cumbersome.

The hot-wire anemometer is not a simple instrument, and its*1 reliable use necessitates great care. Accurate quantitative measure-
ment usually requires a separate calibration of each wire. A particu-

lar disadvantage for shock-tube studies is the extreme fragility of the
wire, which makes it a vulnerable target for diaphragm particles. The
use of the hot wire as a shock detector and trigger is further described

* -in Subsec. 7.4.1.
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7.3.5 Interferometry

Indirect measurement of static flow temperature can be made
by interferometry (Subsec. 7.2.1.4) provided a relation between den-

sity and temperature is known. This method has been used to determine
temperature distribution through the shock-tube wall boundary layer
(Refs. 43, 44, and 45) by assuming static pressure constant and tam-
perature inversely proportional to measured density.

7.4 Primary Shock Strength Measurement

Primary shock wave refers to the initial shock wave propa-
gated into gas at rest in the low-pressure channel after diaphragm re-
moval. The strength of the primary shock is an important parameter in
most shock-tube studies, and it seems worthwhile to note under one
heading the methods commonly used for its measurement.

Any one of the ratios P2 1, T2 1 ' rl' Ms, or UI 1 may be taken
as a measure of primary shock strength. Here, subscript 2 refers to
the final equilibrium state behind the shock, i.e., after all relaxa-
tion phenomena are completed. By virtue of the mass, momentum, and
ene-gy relations for the over-all shock transition, and the thermal
equation of state for the gas, any one of the above ratios defines the
others. The normal shock relations are given in Subsec. 2.2.

Three possible methods of measuring primary shock strength
have been mentioned in previous sections. These are the measurement
of shock pressure rise with a pressure transducer (Subsec. 7.1.2.1),
density rise with the interferometer (3ubsec. 7.2.1.4), and mass flow
and stagnation temperature change with the hot-wire anemometer (Sub-
sec. 7.3.4). Two further methods which follow are direct shock-speed
measurement (Subsec. 7.4.1) and a reflected-wave technique (Sub-
sec. 7.4.2).

7.4.1 Direct Shock-Speed Measurement

Direct measurement of shock speed w is perhaps the most com-
mon method of determining primary shock strength. Shock speed w and
the sound speed aI of the gas at rest ahead of the shock give the shock
Mach number Ms. Methods of directly measuring shock speed include those
giving continuous wave speed, as wave-speed schlieren, for example, and
those using two or more shock detectors spaced along the tube to give
an average wave speed measurement over a known distance.

7.4.1.1 Continuous Wave-Speed Methods

The continuous shock-speed measurement methods of wave-speed
schlieren and drum-camera streak photography for luminous fronts have
been outlined in Subsec. 7.2.1.3. Another method involves microwave
reflection from the moving shock wave using the shock tube itself as
an electromagnetic wave guide (Refs. 105 and 114). Measurement of the
Doppler frequency change of the reflected waves gives a measure of the
shock speed. The method is particularly applicable with strong shocks
producing ionization and a sufficient electron density to give large
reflection coefficients. Large reflection is attained if the number
of electrons per cubic centimeter becomes significant in comparison to
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1.24 x 10 f , where f is the microwave frequency in megacycles per
second (Ref. 105). A lower limit to f is set by the tube cross section.
A successful application of the microwave technique at 5000 Mc/sec with
a 5.4-cm square tube is described in Ref. 105.

7.4.1.2 Shock Detector Methods

The shock detector method uses sensing elements (shock de-
tectors) spaced along the tube which respond to some property of the
shock transition and provide a fast electrical pulse upon passage of
the wave. Measurement of the time interval between pulses from two
such detectors located a known distance apart provides an average shock
speed. The simplest arrangement has two detectors but more than two
may be used to study wave speed variation.

The usual arrangement involves two or more detectors with ap-
propriate coupling circuitry, such as an amplifier and connecting

cables, and a chronograph to measure the time interval between pulses.
Accurate measurement of average shock speed requires detectors with
near identical and fast response, and good spatial resolution. The
coupling circuitry may be individual for each detector or common to
all. Whichever, the response must be fast, and if individual coupling
is used the individual circuits should be closely matched. Regarding
spatial resolution, the detector should preferably have the smallest
dimension possible in the direction of shock motion to minimize uncer-

tainty in the base length used to compute wave speed. Also of course,
the detector should not significantly disturb the flow.

Requirements on response time and electronic technique be-
come more severe with increasing shock speed and decreasing detector
spacing. For example, at M. = 1.5 a detector spacing of 12 in. gives

a shock transit time of 600 microsec at room temperature, and an error
as large as 6 microsec would be tolerable. At Ms = 15, however, the

same error would be quite significant. At higher shock strengths par-
ticularly, where shock attenuation may be large and detector spacing
accordingly small, signal rise times of one microsecond or better with
time interval measurements to one microsecond or better are desirable.

Commercial interv"I timers, such as the Potter chronograph,

are commonly used for measuring time intervals. These are readily

available with resolution to 10-6 sec and are convenient as they dis-
play the time interval directly. One unit, however, is ordinarily re-
quired for each detector pair. Oscilloscope techniques which expand
the time scale such as the raster method using simultaneous X and Y
sweep (Ref. 96S or the moving film method where film movement is equiva-
lent to the Y sweep (Refs. 88 and 92) have been used to attain 10-7 to

10-8 sec resolution with short rise time detector pulses. Measurement
is made between the beginning of successive detector signals. The
oscilloscope methods have the advantage that one trace can record sig-
nals from a number of detectors. However, the time intervals must be
measured from a photographic record.

Various shock detectors in use will now be described. Coupl-
ing circuitry is generally omitted as this follows customary electronic
technique for which Refs. 83 and 84 may be consulted as a general guide.
In addition to application to shock speed measurement, the detectors de-
scribed are, of course, useful for other triggering applications in
shock tube studies.
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Pressure Contactor.--The pressure contactor is perhaps the
simplest detector. It consists of a mechanical on-off switch actuated
by the pressure rise across the shock and may be used to switch an R-C
circuit for pulse generation. The device can have many forms. Fig-
ure 7.4-1 shows a design used by Lundquist (Ref. 85).

Although they appear simple, such mechanical switches suffer
numerous defects and usually require frequent and careful adjustment.
In general they have not proved too reliable.

Pressure Transducer.--Pressure transducers have been dis-
cussed in Subsec. 7_.T. o T SmalI transducers with sufficiently fast
rise time to a shock front may be used flush in the tube wall as shock
detectors. The step electrical output from the shock pressure rise
may be differentiated electrically to provide a short duration pulse.
Usually some care is required in the mounting to minimize transducer
response to wave transmission through the tube walls initiated when
the tube is fired. Because of the high sound speed in metals as com-
pared to gases, disturbances transmitted through the walls precede the
gas shock, except possibly for very strong shocks. The pressure trans-
ducer is ultimately limited with weak shocks by background noise level
and similarly with strong shocks when the pressure ahead of the shock
is sufficiently low.

Piezoelectric transducers, such as the SLM miniature quartz
gauge, make excellent detectors because of their wide operating range
and generally fast response. Improved spatial resolution (down to
1/8-in. diameter face) with somewhat less sacrifice of sensitivity may
be obtained using barium titanate ceramics (see Ref. 110 for a recent
design for low pressures). A good arrangement using a separate a.T.pli-
fication and thyratron trigger circuit for each of seven tourmaline
transducers (used to measure detonation velocities) is described in
Ref. 86. A disadvantage of the commercial pressure transducer as a
detector is the relatively high cost compared to other methods such as
the ionization probe or resistance thermometer, discussions of which
follow in subsequent paragraphs

Light Screens.--The light-screen method was one of the
earliest shock-tue -measuring techniques developed (Ref. 87) and is
sttll used extensively in the shock Mach number range from 1 to 4.
Many specific arrangements have been described over the years (Refs. 85,
87, 88, 89, 90, 92, and 93), and a good general account has been given

by Bleakney (Ref. 91).

Many variations of the method are possible. Figure 7.4-2
illustrates the simplest system (Refs. 85 and 90) involving the Toepler-
schlieren principle which requires only one lens. The light source S

is a line or narrow ribbon filament lamp with the long dimension normal
to the plane of the drawing. The lens L images S on the knife edge K
prec9ding a photomultiplier tube P. The optical axis is normal to the
flow direction. A narrow light beam in the flow direction (of the
order of 0.1 in.) is obtained with suitable stops or sJ.its. In opera-
tion, K is adjusted with uniform density in the shock tube to just cut
the beam off so only stray light reaches P. As the shock wave passes
through the beam the steep density gradient in the wave momentarily de-
flects each ray of the beam towards the high density side and thus off
the knife edge. The photomultiplier this receives a fast pulse of light
and the desired voltage pulse (Fig. 7.4-2(b)) may be obtained from the
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corresponding change in photomultiplier current. Pulse rise times of
one microsecond may be obtained.

The sensitivity of the system increases directly with 1.
Values of I of the order of 4 or 5 In. prove adequate in practice.
The dimension of the source image in the direction of shock motion
should be as small as possible, i.e., the system should have small
range, and the source should have high brightness. Elimination of
stray light is very important in obtaining a high over-all signal-to-
noise ratio. More sophisticated schlieren arrangements (Ref. 89) than
that of Fig. 7.4-2 use additional lenses which help towards this end.

The arrangement of Fig. 7.4-3 (Refs. 91 and 92) uses no
lenses and depends on total reflection from the shock front, i.e., on

4 the shock acting as a mirror. The three knife edges K1 , K2 , and K3

are carefully adjusted so that their edges lie in a plane normal to
the flow direction. Then, only rays from the finite light source S
lying in the plane so defined reach the photomultiplier tube P. As
the shock wave passas, some rays normally cut off by K3 (as shown
dashed) momentarily suffer total reflection from the back of the shock

and escape K3 to reach P. The rate of change of light flux on P is

appi-ximately proportional to shock speed, and the signal voltage ini-
tially rises linearly with time.

With both schlieren and reflection methods, the beginning of
the output signal rise may be located to a few tenths of a microsecond
in time with oscillo3cope recording. This permits very accurate aver-
age wave speed measurement using two or more light-screen stations with
raster or moving film orcillography (Refs. 88, 92, and 93). For mul-
tiple stations, light from three detectors can be "piped" to a single
photomultiplier by a lucite guide (Ref. 93) as illustrated inrig. 7.4-4.

To avoid adverse effects from shock-tube vibration it is
preferable to have the light screens as mechanically independent of
the tube as possible. The references cited may be consulted as a guide
to construction methods and detailed electronic circuitry. The optical
performance of a given system may be calculated roughly using geomnetri-
cal optics with simplifying assumptions for shock wave structure, such
as constant density gradient. Mair (Ref. 94) gives useful results for
light ray refraction through a shock front.

Light screens, when once carefully adjusted, function reliably
over a wide range of operating conditions and are capable of good pre-
cision. Their use is ultimately limited by the over-all noise revel
for insufficient density rise occurring for very weak shocks or at suf-
ficiently low density. Their operation may sometimes be unreliable if
used so close to the diaphragm that the shock is curved and not fully
formed.

Glow-Discharge Probe.--The glow-discharge probe as used by
Lundquist (R-ef.-' has proved useful at low densities (see also
Ref. 111 for a recent design). Figure 7.4-5 shows the arrangement used.
Glow discharge takes place between the steel pin and the shick tube
wall with the discharge current depending on gas density, electrical
parameters, and pin spacing. The abrupt change in density on passage
of the shock wave produces a corresponding change in current and the
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electrical circuit provides a fast output voltage pulse. The glow-
probe has proved useful in the range of low densities (e.g., channel
pressures of 0.1 to 25 mm with air) where light-screen methods may be-
come unreliable and where shock strength is too low for ionization
probes (see the next paragraph) to function. Channel pressures must
be low enough to obtain glow discharge. The operating range may be
extended by adjustment of voltage and pin spacing.

Ionization Probes.--For shock Mach numbers above about 4.5 in
air at room temperature, the increased temperature behind the shock
front gives a sufficient increase in ionization and gas conductivity to
permit use of simple ionization probe detectors. A typical arrangement
is shown in Fig. 7.4-6. Glow discharge is avoided. The capacitor dis-
charges through the projecting needles on passage of the shock front
because of the sudden decrease in gas resistance. For weaker shocksthe large gas resistance and stray shunt capacitance present tend to

limit rise times to around one microsecond, but for stronger shocks
this can be improved considerably.

The shaped probe shown in Fig. 7.4-7 is reported by Morrison
(Ref. 95) to be useful down to shock Mach numbers of 1.5. A local
shock wave propagates into the opening on passage of the main wave and
is intensified by the converging cross section.

A sequence of ionization detectors of the type shown in
Fig. 7.4-6 were used by Knight and Duff (Ref. 96) as shown in Fig. 7.4-8
to measure detonation velocities with high precision. Six pin detec-
tors decoupled by diodes were connected electrically in parallel and
spaced at 10 cm along the tube. Each consisted of two copper pins pro-
jecting from a Teflon plug set flush. A cathode follower output fed
the signals via a 300-ohm line to the plates of a raster oscilloscope.
For weaker waves, rise times were sharpened by additional circuitry to

permit time resolution to 108 sec.

Ionization probes have generally fast response, excellent
spatial resolution, and are relatively simple and inexpensive. One
disadvantage is that any water present after P run condenses on the
probes and they require frequent cleaning.

Thin-Film Resistance Thermometei.--Because of its very tast
response, insensitivity to vibration, and relative simplicity, the
thin-film res', nnce thermometer discussed in Subsec. 7.3.1 is an ex-
cellent detector when mounted flush in the shock tube wall with the
long dimension perpendicular to the direction of shock travel. Blackman
(Ref. 41) used thin gold films evaporated on tape (stuck onto lucite
wall plugs) to measure shock speeds in the range of M from 7.5 to 10

with accuracy better than 1 per cent. Signal rise iAmes were determined
by the transit time o0 the shock across the narrow film and were of the
order of one-half microsecond or less foi the one-half millimeter width
used.

For use as a detector, the film is mounted on an i .3ulating
plug made of quartz, glass, or lucite (depending on the film technique
used) and designed to insert in the tube wall flush with the inside
surface. Any of the film techniques described in Subsec. 7.3.1 may be
used, i.e., evaporation, sputtering, or pairting with metallic paint or
paste. Film widths of 0.05 in. or less in the direction of shock motion
are desirabie, with lengths from 1/2 to 1 in. and resistances of the
order of 50 ohms. A simple heating circuit as shown in Fig. 7.4-9 may
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be used to operate the film at essentially constant current. Several
films could be so heated in parallel.

As discussed in Subsec. 7.3.1, on passage of the shock wave
the surface temperature TB of the insulated backing or plug on which

the film is mounted initially undergoes a step increase ATB and the

film resistance R. accordingly increases by ARF = a Ro AT For con-

stant current I., the initial step increase in voltage across the film

is then AEF = 1 0 Ro ATB. This may be differentiated as indicated in

Fig. 7.4-9 to provide a short duration pulse. The film response is so
rapid with the thin films used (see Subsec. 7.3.1) that the rise time a

of the leading edge of the pulse is essentially the transit time of
the shock across the film. For purposes of estimating the initial
voltage rise AEF to a shock wave, an expression for ATB due to Bromberg
(Ref. 68) way be used. In the present notation this is

ATB _Ms 2 Cp 1 (V 1 -l) U P2 P2
TT1 Ms Cpl U 1

U2 1

where

-= pýBCB

for insulated backing (see Subsec. 7.3.1), and U is given in Fig. 7.4-10

u2
U21 a,•

(Subscriots 1 and 2 refer to gas states ahead and behind the shock.)
This relation for ATB assumes the product pp as constant

across the boundary layer, a Prandtl number of 1, and equilibrium zero-
pressure-gradient flow.

Because of its excellent characteristics, the thin-film re-
sistance thermometer is perhaps the best and most generally useful
shogk detector. Its use is ultimately limited by insufficient tem-
perature rise ATB with weak shocks. It can probably be used without

difficulty down to Us = 1.5, at least.

Hot-Wire Anemometer.--The hot-wire anemometer described in
Subsec. 7.T4-.. has been used by Dosanjh (Ref. 75) as a shock-detector
probe to measure wave speeds in the range of Us from about 1.01 to 4.

The mechanical arr&angement is stown in Fig. 7.4-11. Some relief from

'Ii
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Iarticle damage is obtained with the protecting well. The wire is usedat constant current, uncompensated, with the exponential wire response

to the shock wave (see Subsec. 7.3.3) differentiated before amplifica-
tion. Circuit details are given in Ref. 75.

The polarity of the change in wire voltage due to passage of
the shock depends on the amount of heating of the wire. For small
heating, temperature response dominates and the wire voltage (wire re-
sistance) increases. For large heating, mass flow response dominates
and wire voltage decreases. Figure 7.4-12 shows typical wire voltage
jump as a function of shock pressure ratio P2 1 and overheating ratio
aw.

Compared to other detectors such as the resistance thermometer,
the hot wire has a number of disadvantages. In particular, it is very
fragile and vulnerable to particle damage, and has xelatively slow re-
sponse when uncompensated (0.1 to 1-millisec time constants). Its use
appears advantageous only for detection of very weak shocks where, as -
indicated by Fig. 7.4-12, good mass-flow sensitivity is maintained with

sufficient overheating.

Positive-Ion Beam Detector.--Venable (Ref. 97) has described
a detector using a positive-ion beam perpendicular to the direction of
shock motion which is useful at low densities. Figure 7.4-13 shows the
arrangement schematically. The positive-ion beam is obtained from an
electric discharge tube with a drilled cathode opening into the shock
tube. The ion current emerging from the cathode hole is collected by
a needle about 90 volts negative with respect to the cathode (glow dis-
charge avoided), and passes through a high resistance to ground. In-
terruption of the beam by passage of the shock provides a sudden volt- ii

age change across the resistance.

Ion currents of around one micro-ampere provided adequate
output signals (10 to 100 mv) at pressures ahead of the shock of 0.05 =
to 5 mm Hg in helium, argon, and nitrogen for the range of shock
strengths employed (Ms = 1.6 to 3).

7.4.2 Reflected-Wave Technique

The reflected-wave technique for shock strength measurement
requires the use of instantaneous shadowgraph or schlieren records to
compare distances moved by the primary shock and a reflected wave in
equal times. If both wavespeeds are constant, this gives a compariLon
of velocities from which the primary shock strength may be infer'red
from theory. Numerous practical arrangments are possible. Two applica-
tions made by Hertzberg and Kantrowitz (Ref. 98) are typical and will
be briefly described.

Cylindrical wave reflection involves a single thickness of
Scotch tape across the tube floor which generates two cyliiadrical
acoustic waves on passage of the shock. The resulting wave configura-
tion as recorded optically a short time t after the passage of the
shock is shown in Fig. 7.4-14 for subsonic flow in state (2). All
velocities are assumed constant. Then,

a2 - u2 _ d 3w d2
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and

a 2  d
1

w d2  K
For constant snecific heats, these two ratios are related to primary $
shock pressure ratio P2 1 by (Subsec. 2.2)

a 2 - u2  d 3  _TY _ P21 +P 21)] + 21
1) +1 2

a dl +

w d2  ( + + P1

Thus the shock strength P2 1 may be found from either ratio. The ratto

d3 /d 2 is the more sensitive to changes in P 2 1.

Normal shock wave reflection involves reflection of a portion
of the primary shock from a rigid wall as indicated in Fig. 7.4-15.
For constant wavespeeds,

R - d1
w d2

and using the theory of normal shock reflection for constant specific
heats (Subsec. 2.4.1)

V R _ dI 1 1 + (,Y - 1) P21

w 2 Y-_P (1 + yF_ý-, P2 1)

from which P2 1 may be obtained. In the work of Ref. 98 the reflecting
block and splitter plate were made up as a probe unit, and weak shock
strengths as low as M. = 1.01 were measured.

Referring to the Scotch-tape technique, when state (2) of
Fig. 7.4-14 is supersonic no upstream propagation is possible. In-
stead, a pseudo-stationary Mach wave results from which the Mach angle

sin- 1 1/M 2
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and hence M2 , can be measured. This technique has been used (Ref. 99)

to determine M2 , and the ratio a 2 /w with strong shocks. The geometry

of the wave configuration a short time t after the shock passes a small
disturbance is shown in Fig. 7.4-16. From the figure,

sin -a 2 -
a2 _ 1

u2 M2

and

a. d

w 2

Independent measurement of w by ionization probes enabled a 2 to be de-
termined.

7.5 Light-Reflectivity Measurement (Shock-Wave Transition)

Measurement of the optical reflectivity of shock wave density
transitions has been used to determine shock wave thickness and to
study equilibration of rotational degrees of freedom in shocked poly-
atomic gases (Refs. 100, 101 and 102). The experimental arrangement
is shown schematically in Fig. 7.5-1. Light from an intense source is
filtered and collimated to a near monochromatic parallel beam which is
directed through a window at angle 0 to the shock tube axis. A plane
shock wave travelling down the tube intercepts the beam momentarily
and the sharp density gradient in the wave reflects a weak pulse

through a second window to the photomultiplier P. The photomultiplier
output is recorded on an oscilloscope; the pulse height gives a measure
of reflected light intensity. By suitable calibration of the apparatus
the variation of optical reflectivity

intensity of reflected lightR =
intensity of incident light

with wave length A, angle 0, and pressure p1 ahead of the shock may

be determined for a given shock strength. The absolute value of R is

very small (10-5 to 10-7), and the noise due to stray light must be
kept very low to obtain useful measurements.

A significant variation of R with X and e can be obtained if
A is of the same order as the shock front thickness. The reflectivity
can be expressed theoretically as (Ref. 100)

__.

4
R _ + tan4 9) IF)I

where

F(y) f -in e-27Tiyx dx
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n j iadex of refraction = n(x, L, An)

x = co-ordinate normal to shock front

y = (2 cos 0)/A

n = n-n = total refractive index change across shock&n 112

L =shock wave thickness - Adn4

• )max

The measured variation of R was utilized (Ref. 100) by fitting iL with
the above theoretical variation of R calculated for various assumed
profiles n(x, L, An). The shock thickiess parameter L was chosen to
give the best fit.

In the limit for small values of y(0--*j or A---) the
theoretical reflectivity becomes

R - 1 + tan e (An)
2

which is independent of shock profile, and the shock front appears as
a step change. Thus; measurement of R (relative) near grazing incidence
provides the shock front density change. In a diatomic gas this den-sity change depends on the extent of equilibration between translational

and rotational energies, and such measurements have yielded information
on rotational heat capacity lag in strong shock waves (Refs. 101 and
102).

7.6 Light-Absorption Meanurement

Light absorption has been utilized in shock-tube chemical
kinetic studies (see also Subsec. 5.3) to measure rates of dissocia-
tion and recombination for certain reactions initiated by shock wave
heating, where a reactant or product absorbs light. A typical reac-
tion studied by this method was molecular iodine dissociation over the

temperature range of 1000 to 1860°K (Ref. 103). The shock wave is pro-
pagated into a mixture of diluent inert gas, such as argon or nitrogen,
and a weak concentration (i.e., a few per cent) of the gas to be dis-
sociated. The intensity of a narrow sheet of near monochromatic light
crossing normal to the shock tube axis is recorded with a photomultiplier
tube and oscilloscope. The scope sweep is triggered Just prior to the
arrival of the shock. For light of intensity I° incident on the shock
tube flow the emergent light intensity I is

A Ilog,0 -L= -IEII
01

where

S= length of light path through absorbing gas

c = concentration of absorbing gas

f = extinction (absorption) coefficient of absorbing gas, a function
of wavelength and temperature. 5
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If e is known, a record of I for flow behind the shock then provides
the change of concentration c with time. Quantitative interpretation
of the light transmission records to obtain dissociation and recombina-
tion rate constants is possible. Evaluation is complicated by the fact
that the temperature changes as dissociation and recombination proceed.
With polyatomic diluents, vibrational relaxation of the diluent behind
the shock front must also be considered. Wall boundary layer effects
can be significant if the boundary layer thickness increases to an ap-
preciable fraction of the tube width (Ref. 104).

The extinction coefficient E may be determined as a functionof temperature for a given wave length from the changes in I immediately

across shock fronts of known strength. If no dissociation has occurred
immediately behind the front, the concentration is known from that ahead
of the shock and the shock density ratio. For polyatomic diluents, the
shock front density racio used to calculate c behind the front, and thus
C, depends on the degree of vibrational equilibration assumed. Thus a
comparison of C for monatomic and polyatomic diluents can yield infor-
mation on vibrational relaxation time for the latter (Ref. 103).

7.7 Electrical-Conductivity Measurement

Measurement of the electrical conductivity of argon ionized
by strong shock wave heating has been made by Lin, Resler, and
Kantrowitz (Ref. 31).

The first technique tried employed a metal probe at the end

of the shock tube swept over by the incident and reflected shock wave
as shown in Fig. 7.7-1. The probe voltage measured as a function of
time with an oscilloscope enabled an average ionized gas resistance to
be determined and from this the conductivity could be calculated. The
results obtained with this method differed markedly from theoretical
expectations. A large effect from the coo] boundary layers on the tube
walls and probe was indicated. The probe technique was abandoned in
favour of a magnetic method which avoided surface effects.

The magnetic experiment, shown schematically in Fig. 7.7-2,
utilized interaction between the axisymmetric steady magnetic fieldsupplied by a field coil encircling a glass section of the shock tube

and the moving ionized gas behind the shock wave. Passage of the con-
ducting gas through the magnetic field displaced the field lines caus-
ing them to cut across a small search coil and thereby induce an emf
which was recorded on an oscilloscope. The essential features of the
conductivity distribution behind the shock front could be calculated
from the recorded search coil voltage with the aid of the search coil
response to a metallic rod (with the same inside diameter as the shock
tube) shot through the glass section and magnetic field at constant
speed. The technique was successfully used to measure the conductivity
of shock-heated argon over the temperature range of 4000 to 14,0000 K
(shock Mach number 7.5 to 16) at various initial pressures. The sametechnique has been applied to measure the elec'rical conductivity of
shock-heated air (Ref. 106).

7.8 Model Force Measurement

Rather limited effort has been applied to development of in-
strumentation for the direct measurement of aerodynamic forces on
shock-tube models. Reference 65 describes an internal model balance
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system under development which uses commercial accelerometers to meas-
ure model accelerations. Figures 7.8-1 and 7.8-2 illustrate the ar-
rangement. When assembled as in Fig. 7.8-1, the model and accelerom-
eters form an integral unit rttached to the rigid sting support through
soft rubber springs. The latter permit relatively free movement of the
model and give a natural period of model oscillation that is large com-
pared to the available testing time. Under these conditions, the rubber
spring restoring forces which arise due to model displacement during a
shock-tube test can be neglected, and the aerodynamic forces can be ob-
tained from the measured model accelerations.
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Table 7.1-1

Transducer diaphragm performance parameters (Ref. 14)

C 0 A MAX
zi

FLAT ,6.2 .011 .6pt 16 t,

NO TENSION i I 0 1 .? 011,

FLAT 4.8E .13 MO Cpt e.91 OvIA-E

ALL TENSION 0Et " E

SPHERICAL ty
SEGMENT 16 -6- .0056--g! _Lpt 16 02

y Ity2 6 y2
-0

C = Sound Speed of Diaphragm Matcrial
S= Density of Diaphragm Material
E = youngs Modulus of Diaphragm Material

E = Tensile Strers / Unit Area in Diaphragm
p max= Maximum Allowable Pressure Difference Across Diaphragm

(3 max= Maximum Allowable Tensile Stress in Diaphragm

:1
'i
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Table 7.2-1 NAVORD Report 1488 (Vol. 6, Sec. 18)

Table 7.2-1

Values of Gladstone-Dale constant K (Ref. 22)

AIR OXYGEN NI'IIOGEN ARGON

* "* K * • K * )t K * K

-3
1 2620 3.886x0- 3 1920 4.027xl0-

3  
3 4358 3.874xi0"

3 
1 2620 2.700x0-

3

1 2960 3.813 3 2000 3.861 3 4811 3.833 3 2894 2666
1 3340 3.762 3 3000 3.245 3 5461 3.834 1 2960 2657
3 4358 3. 676 3 4000 3.114 2 5850 3.826 3 3342 2620
1 4360 3.679 3 4358 3. 100 3 5876 3.825 1 3350 2622
1 4700 3.663 2 4800 3.034 4 5893 3.794-3.819 3 4105 2576
3 4798 3.65b 3 5000 3.062 2 b140 3.815 1 4280 2574

2 4800 3. 654 2 5090 3. 054 3 63622 3. 802 3 4358 2572

1 5050 3.64G 2 5210 3.049 3 65G4 3.810 3 4917, 2551

2 5090 3.644 2 5460 3.042 2 6680 3.825xi0-3 1 5110 2551
3 5100 3.646 3 5461 3.055 1 5220 2549
2 5210 3. 640 2 5770 3. 036 1 5460 2548
4 5460 3.632 3 5876 3.046 3 5461 2546
3 5461 3. 636 4 5893 3. 041-3. 052 3 5462 2538

3 5769 3.629 3 5897 3.037 3 5677 2537
1 5780 3.628 2 6440 3.022 1 5700 2541
3 5786 3,627 3 6564 3. 030 1 5770 2542
2 5790 3. 625-3. 628 2 6710 3.016xi0"3 3 5876 2539

1, 2.

4 5890 3.627 3 5876 2539
2 6 140 3. 6,19 4 5893 253
3 6147 3.622 31 656•0 2533 -

1 6440 3.617x10
3  

3 6564 2.527xi0-

Sin Angstroms. K = n-i in cu ft/lb

e
* References: 1. Landolt-Bornstein. Physikalisch-Chemische Tabellen,

Erster Erganzungsband. Vcrlag Von Julius Springer,
Bvrlin, 1927, p 525.

2. As 1. pp 814-815
3. As 1. pp 1677.1679
4. Handbhk of Chern. and Pys.. 30th Ed., Chem. Rubber

Pub. Co., Clev., 1946.

568

, .. .. ,i . . ..i, , , , - . . . . I , , - ... • • . . = • ' • I I.. .1



Shock-Tube Flow Measurement and In strumentation Fig.- 7.1-2

Conducting Layer

Charge Generated Qr titt ~

Fig. 7.1-1. Two-pile crystal element.

, f

Crystal External ----
Transduoer Load

n -Ap 
Re 

C RL
c

Fig. 7.1-2. Equivalent circuit of piezo transducer.

569
I'
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Shock-Tube Flow Measurement and Instrunmentation Fig. 7.2-2

TP * Unit Vector Tangential to Ray
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Fig. 7.2-2. Component angular deflections axand oty
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Shock-Tube Flow Measurement and Instrumentation Figý 7.2-5

Flow f

D

Source.

Fig. 7.2-5. Offset schlieren system.
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Shock-Tube Flow Measui-ement an" Instrumentation Fig. 7.2-8

VWave,
Trea 

A

Shook NotionI

Fig. 7.2-7. Shock trace on wave-speed record.

* Object Plane

H Test Section a
U2~ _lý

L Compenasting

Fig. 7.2-8. Mach-Zehnder interferometer.
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Fig. 7.2-9 NAVORD Report 1488 (Vol. 6, Sec. 18)

Uniform Plow Region

Density

pringe Spacing b

Fig. 7.2-9. Fringe shift referred to uniform flow region.

8 Condensers

ghloctrode

Voltaeo,,,

VXKW AT A-A

Fig. 7.2-10. Low-inductance spark gap (after Ref. 49).
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Shock-Tube Flow Measurement and Instrumentation Fig. -7.2-11

E.V.(20 IV)

Trigger Electrode

I •° I-
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FEnK

9 ft An RO e/U Coaxial Cable

I ~Re-- 52 J

Additional Lines in Parallel.i 1
Fig. 7.2-11. Transmission-line spark gap (after Ref. 50).
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Fig. 7.3-1 NAVORD Report 1488 (Vol. 6, Sec. 18)

RII
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Fig. 7.3-1. Thin-film surface thermometer.
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Fig. 7.3-3 NAVORD Report 1488 (Vol. 6, Sec. 18)

FF I u
Shock
Arrl v ql

Voltage

T line

P21 4 Pi 100 mm Hg To 24c Io 10ma

P.0  60.62 ohms Calib. 5Kc my rm6

Fig. 7.3-3. Response of thin-film thermometer mounted flush
in shock tube wall to passage of shock wave (University
of Toronto, Institute of Aerophysics).

U . - d z Wire Diameter

1= Wire Length

Wire Supports I = Wire Heating Current

* Fig 7.3-4. Hot-wire anemometer.

580



Shock-Tube Flow Measurement and Instrumentation Fig. 7.3-5

K C MW~l

6F - 1SCL InC43  
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-- PLATINUM 1 166 491 2' 5 .032 14 4 14
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--- LEAD 4e 94 1100 0306 1702 91 405
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K -thermal conductivity
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Fig. 7.3-5. Calculated heat loss from calorimeter gauge
element of thickness 8m to infinite pyrex backing for

various element materials; constant rate of heat in-

(Ref'. 70).
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Fig. 7.4-1 NAVORD Report 1488 (Vol. 8, Sec. 10)

Screw

Thin Metal Diaphragm

Fig. 7.4-1. Pressure contactor (after Ref. 85).

Light Shook Tube Wae l Photo

Slit Shield Hih Shook Wave Muliplier

LLine Leas \Window"

Sour*e L Window Low
S 1 Light Knife Edge

Shield Cutoff K

(a) Plan View of Arrangement

I t
Voltage

H ______ ___Time
(b) Output Voltage

Fig. 7.4-2. Schlieren light screen, using one lens.
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Shock-Tube flow Measurement and Instrumentation Fig. 7.4-5

itTube PhotouultiplierFinite tight p
Source K

K 3

Fig. 7.4-3. Reflection light screen (after Refs. 91 and 92).

SCll
Lucite Guide

Fig. 7.4-4. Usc of lucite guide enabling one photocell to
serve three stations (after Ref. 93).

so ub

500 V 0=001 56 9
+ /Afd

Insulator

S, Brant Plug

Shook Tube Wall

"--Steel Pin
52

Fig. 7.4-5. Glow discharge probe (after Ref. 85).
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90 Keg .0008,Mf

850 V - 50 K

Insulator (Araldtte.Teflon)"10"- Ring
Sea • Metal Plug

Projecting Shoo Tube Wall

Needles - 0.1"

Fig. 7.4-6. Ionization probe.

Nut l'o A tn.'1hd-r I
Nut

11lexiglas .--- Pipe, Nipple

,Sn~ock T,ibe Wall

\ýConverging Entry

Fig. 7.4-7. Shaped ionization probe (after Ref. 95).
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Shock-Tube Flow Measurement and Instrumentation Fig.. 7.4-9

-300 V i

" 22 Meg L22Meg 22 Meg
t

To _ .001pfd .00 Imi0fd Tooe

Otier tlode

Pins IN 34 IN 34 IN 34 30K Follower
And

Pin Detector 8 Pin Detector S Pin Detector

"-. " - a--. " Spacing . .

Fig. 7.4-8. Multiple ionization probe unit (after Ref. 98).

RI
-To Amjplifier

0 A CV

Rp (Film)4 ~R 1

R >'R
S F

- ¢--10 Ma
RF = R° 1 + 4(T1 Ro• 5 Lý 50

S~Fig. 7.4-9. Film-resistance thermometer as shock detector.
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Shock-Tube Flow Measurement and Instrumentation Fig. 7.4-13

AifhrVoltage
MIV

6- R R

w rR

r I
i.O ~ 3.0 4.0 0 % -5hock PIVSS~,rf Ra rio)

* Fig. 7.4-12. Hot-wire response to primary shock wave in air.
Tungsten wire; 0.00015 in. diameter, 0.080 in. long;

Ti

Rr = 10 ohms; P1 = 1 atmosphere; T= room temperature
(Ref. 75).

H.V. Anode

Pyrex
+ Ion Beam--_... Discharge Tube- 800-1000 Volt Drop

Drilled Brass Cathode

Sh o- lckii. AmMe
WaeSpacing X

Needle"Ca'thlde 06-

Needle T Ins ulator + ion Current
Collector _Tj-- 9011V •'I amTp

Ref. 7.4-13. Positive-ion beam trigger (after Ref. 97).
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Fig. 7.4-14 NAVORD Report 1488 (Vol. 6, Sec. 18)

Advancing Shock Wave, Speed w

• a2

Wave From Edge A of Tape

Wave From Edge B of Tape

(2) R a2 t

(U u <a
Gas at Rest 2 2

/ \Tae
B Floor of Tube

Su 2 t d; (a3 2

Fig. 7.4-14. Cylindrical-wave reflection method of shock
strength measurement; state (2) subsonic (after Ref. 98).

P'-ary Shock, Speed w i

41) w _ _ . (2_). !

Gas at Rest J6 . t' Re-,st- 2Splitting 
Plate

Ref lecti: 9,•/y/ 13Block' w ,-
ME" (2)

I d2 - Wt i Rt Reflected Shock,
2 t Speed wR

Fig. 7.4-15. Normal shock reflection method of shock meas-
urement (after Ref. 98).
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Shock-Tube Flow Measurement and Instrumentation Fig. 7.b-1

SAdvancing Shock Wave, Speed w/ a,
~~ound Wave12

(1)(2
• ~Gas at Rest .

0 -u 2 > 82
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'SurfaceMahWv

:- /** •%. mall Disturbance

/• of Tube

-~~ ,d3 =u2t"

• o d2 = wt -

Fig. 7.4-16. Cylindrical-wave reflection method of shock
strength measurement; state (2) supersonic (after Ref. 99).

• ' •xhoto ultiplier

*1 Advancing Shock Wave

Gas at Rest t U2 1 PE

::"Shock Tube

Light Sotrce

!4 Fig. 7.5-1. Light-reflectivity measurement (after Ref. 100).
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Fig. 7.7-1 NAVORD Report 1488 (Vol. 6, Sec. 18)

Shock Wave

End of Snock Tube

G'I e) Oscilloscope

Fig. 7.7-1. Probe technique for measuring gas conductivity
(after Ref. 31).

Adv.'ncing

Shock Wave Searcti Field Coil
Gail Walled Tube

Fig. 7.7-2. Magnetic method for measuring gas conductivity
(after Ref. 31).
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Shock-Tube Flow Measurement and Instrumentation Fig. 7.8-1
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absorption rethods of density meas- combustion studies, 467
urement compression waves

optical 563 definition of, 5
X-ray, h42 in imperfect gases, 35

adiabatic combustion (constant- in perfect gases, 12
volume heating of driver cross-section area change, 405
gas), 402 monotonic convergence at dia-

anemometer, hot-wire, 549 phragm, 405
applications monotonic convergence along

instrument calioration, 470 tube, 408
shock tubes cross section, constant, 451

in aerophynics research, 402
for calibration of instru- density measurement, 532

ments, 470 design of shock tube, 499
chemical, 469 alternative to diaphragm type, 410
for chemical research, 466 effects of tube length, 81
for wind tunnels, 451, 453 inctrumentation, 456

transient aerodynamic studies, 531 length and internal cross
area change in a shock tube (see section, 499

cruss-section area -!hange) materials, 499, 502, 504
attenuation of strong shock methods of heating, 396

waves, 411 detector, positi;-e ion-beam, 560
detonation (driver-gas heating), 405

balance, internal model, 564 diaphragm pressure transducer, 529
Blasius solution for lr.mirar diaphragms, 502

boundary layer, 326, 327 alternatives to, 410
boundary layer, 323 burst tests, 504

closure, 337 metallic, 503
effect on test flow, 454, 460 multiple, 400
interactions with reflected shock nonmetallic, 502

wave, 339 petalling, 504
laminar, 323 rupture, methods of control, 506
laminar, Blasius equations, 326 diffuse shock wave, 48
transition, 331, 463 direct measurement of transient
turbulent, 333 pressure, 525

dissociation (energies), 108, 469
calibration drum camera photngraphy, 554

of instruments, 470 duration of test flow, 454
"of pressure gauges, 527, 529 dynamic pressure, equation for, 31

calorimeter heat-transfer gauge, 547
centred compression wave, 15 electrical heating (drIver gas), 396
centred rarefaction wave, 15 electrical conductivity measure-
characteristics, method of, in (x,t)- sent, 564

plane, 9 equations
chemical kinetic studies, 467 Blasius, 326
chemical research, applications Saha, 111

to, 466 equations, inviscid gases
chemical shock tube, 469 density ratios, 66
collisions of waves, 90ff Mach number, local, 68
condensation phenomena, 463 Mach number, shock, 67
constant-area channel, 451 mass flow ratios, 78
constant-area shock tube, 317ff, 393 pressures, dynamic, 78
contact region, 320 pressures, pitot, 77
contact surface rarefaction waves, speed of head

definition of, 79 and tail, 68
experimental study of, 320, 322 sound speed and temperature

continuous shock-speed meas- ratios, 66
urement, 554 temperatures, total, 75

combustion heating of driver gases velocity of particle or contact
constant-pressure, 404 surface, 67
constant-voluipe, 402 equilibrium region, flow quantities
detonation, 405 behind shock wave, 50

601

'1



Index NAVORD Report 1488 (Vol. 6, Sec. 18)

failure of components, high pres- laminar boundary layer effects, 323
sure, 508 Blasius equations, 326

film resistanPce thermometer, shock length, effect of, on shock-tube
detector, 558 flow, 81

finite-length shock tube, effects light absorption measurement, 563
of, 81 light screens, 556

flo% measurement and instruments- light sources and recording, 541
tion light reflectivity measurement, 562

density, 532 limitations of simple, constant-area
electrical conductivity, 564 shock tubes, 393
light absorption, 563 low pressure, gas imperfections at,
light reflectivity (shock-wave 105

transition), 562
model force 564 Mach numbers, inviscid gases, equation
pressure, 515 of, 67ff
primary shock strength, 554 Mach-Zehnder interferometer, 537
temperature (and heat transfer), magnetic measurements, 564

543 magnetohydrodynamics research, 466
flow observed In a constant-area manometer, use of, 525

shock tube, 317 mass flow ratios, inviscid gases,
force measurements on models, 564 equations of. 78

measurement
gas density, 532

effects in a shock tube, 80 flow, 525, 531
high-temperature physics, 464 force on models, 564
imperfections at low pressures and hydrostatic pressure, 525

high temperature, 105 light absorption and reflectivity,
rarefaction and compression waves 562, 563

in imperfect gases, 35 model force, 564
real, alternative development of optical methods 468 532

equations for, 121 .nterferometr;, 531, 537
relaxetion effects, 117 schlieren, 532
thermally imperfect, equation of shadowgraph, 533

state, 103 Toepler-schlieren, 534
glow-discharge probe, 557 wave speed-schlieren 537
gun tunnels, hypersonic, 462 shock speed, direct, 554

shock strength, primary, 554
hazards in shock tubes, 507 streak photography, 554
heating of driver gas, 396 temperature and heat transfer, 543

combustion transient pressure, 525
adiabatic, constant-volume, 402 direct, 525
constant pressure, 404 diaphragm transducer, 529
detonation, 405 piezoelectric transducer, 527

electrical, 396 indirect, 531
multiple diaphragm, 400 wave speed, 318

heat transfer measurement, 543 metallic diaphragm, 503
history of shock tubes, 1 model force measurements, 564
hot-wire anemometer, 549, 559 modifications to the simple shock
hydrostatic pressure measurements, tube, 396

525 multiple diaphragm technique, 400
hypersonic

gun tunnels, 462 nonmetallic diaphragms, 502
research, 451 non-reflected shock tunnels, 458
shock tunnels, 457 normal reflection, 82rarefaction wave, 87

ignition methods (for combustion shock wave, 82
heating), 403 normal refraction of a shock or rare-

imperfect gas, definition of, 103 faction rave at a contact surface,
instrumentation, shock-tube, 456, 525 93
interferometry, 532, 537, 554 Nusselt number, 551
internal balance, model, 5C4
interval timers, 555 optical methods of measurement,
ion-beam detector 560 468, 532
ionization, 105, 558 tnterferometr, 532, 537
ionization probe, 558 schlieren, 53

shadowgraph, 533
King's Law, 551 Toepler-schlieren. 534

wave speed-schlieren, 537

602 HiUt



Shock Tubes Index

overtaking chemical, 466
of a rartfaction wave by a shock chemical kinetic, 467

wave, 98 combustion, 467
of a shock wave by a rarefaction condensation phenomena, 463

wave, 98 conductivity, 466 4
of shock waves or rarefaction ionization, 466

waves, 96 magnetohydrodynamics, 466
of two rarefaction waves, 97 relaxation studies, 466
of two similarly facing shock subsonic, transonic, supersonic,

waves, 97 hypersonic, 451
wave interaction and non-planar wave

perfect gas, definition of, 8 phenomena, 462
performance of simple, constant-area resistance thermometer, thin film,

shock tubes, 5ff, 393 543, 558
petal~ing, diaphragm, 504 Reynolds number in a shock tube, 73
piezoelectric pressure trans- Riemann variables (sometimes Riemann

ducer, 527 invariants)
positive ion-beam detector, 560 P-waves, 10, 11
pressure measurement Q-waves, 10, 11, 25

hydrostatic 525
transient, h25 safety, hazards in shock tubes, 507

direct method, 525 Saha equation, 111
diaphragm transducer, 529 schlieren technique, 532
piezoelectric transducer, 527 Toepler, 534

indirect method, 531 wave speed, 537
pressure technique, 506 shadowgraph, 533
pressure transducer, 556 shock detector methods, 555

diaphragm, 529 glow discharge probes, 557
piezoelectric, 527 hot-wire anemometers, 559

probe ionization probe 558
glow discharge, 557 light screens, 5k6
ionization, 558 positive ion-beam detector, 560

production of strong shock waves, 393 pressure contactor, 556
properties of test flow,454 pressure transducer, 556
(p,u)-plane, use of, 60ff thin-film resistance thermometer,
P-waves, definition of, 10, 11 558

ýlhock waves
Q-waves collision of, 90

definition of, 10, 11 cylindrical, 463
flow equations in terms of, 25ff diffuse wave, 48

interactions in a shock tube of
radiation, 465 finite length 81, 462
Rankine-Hugoniot shock relations in a measurement of, 3h1, 554perfect gas, 48 overtaking of, 96
rarefaction waves plane, 42

definition of, 5 in imperfect gases, 47, 80
head-on collision of, 90 in perfect gases, 43
in imperfect gases, 35 relaxation effects of, 48
overtaking of, 96 real gases, alternative development
in perfect gase3 12 of equations 121

reflection of, 84 reflection of, 81
refraction of, 95 refraction of, 93
speed of head and tail, 68 spherical, 463

reflected shock tunnels, 460 strong, attenuation of, 411
reflected wave techniques, 560 strong, production of, 393
reflection weak shock solution, 48

rarefaction wave, 87 sound, velocity of, 8 112
shock wave, 82 streak photography, 5&4

refraction
normal, of shock or rarefaction temperature and heat transfer measure-

wave at a contact surface, 93 sent, 543
of rarefaction wave at a contact test flow

surface, 95 duration, 454
of shock wave, 93 properties, 454

relaxation effects in gases, 117, 466 theoretical performance, comparison of,
research, use of shock tubes in for combined modifications, 409

aerophysics, 462 thermocouple, thin film, 547
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thermometer, film resistance as refraction of, 93
shock detector, 558 speed of head and tail, 68

thin-film resistance thermometer, shock
543, 558 colli3ion of, 90

thin-film thermocouple, 547 cylindrical, 463
timers, Interval, 555 interactions in a shock tube of
transducer, pressure, 556 finite length, 81

diaphragm, 529 measurement, 321, 554
piezoelectric, 527 overtaking of, 96

transient aerodynamic studies, 531 plane, 42
transient pressure measurement, 525 In imperfect gases, 47, 80
transition, boundary layer, 331, 464 in perfect gases, 43
tunnel relaxation effects of, 48

hypersonic gun, 462 reflection of, 82
hypersonic shock, 457 refraction of, 93
non-reflected shock, 458 spherical, 463
performance of shock tube as, strong, attenuation of, 411

453, 454 strong, production of, 393
reflected shock, 460 weak shock solutions, 48

turbulent boundary layer, 333 wind tunnel
hypersonic gun, 462

unequal rarefaction waves, head-on hypersonic shock, 457
collision of, 92 non-reflected shock, 458

unequal shock waves, head-on col- reflected shock, 460
lision of, 91 shock-tube performance as, 453

vacuum techniques, 506 X-ray measurement, 542
van der Waal equation of state, 103
velocity

of contact surface, 67
of particle, 67

wavecompression, definition o?, I T-
wave interaction results, 322
iave, rarefaction, definition of, 1

vave speed
equation, 80

measurement, 318
streak photography, 554

wave system in simple shock tube, 60
basic equations in perfect gas, 63
imperfect gas effects, 80

wave system produced by diaphragm
removal, 316

waves
centred, in perfect gases, 17
compression and rarefaction, in

imperfect gases, 35
compression and rarefactioný in

perfect gases, 12
one-dimensional, 5

applications of interactions to
a shock tube of finite
length, 99

effects of interaction and finite
tube length, 81

experimental results, 322
rarefaction and compression, 5

P-waves, 10, 11
Q-waves, 10, 11, 25
rarefaction

definition of, 5
head-on r Illislon of, 90in Imperfect gases, 35

overtaking of, 96
in perfect gases• 12
reflection of, 87
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